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ABSTRACT 
The need to improve the separating power of high performance liquid 
chromatography, especially for highly complex samples, is becoming increasingly 
evident. In response, over the past decade there has been substantial interest in the 
development of two-dimensional high performance liquid chromatography 
(2D-HPLC) due to its ability to produce superior resolving power compared to 
one-dimensional HPLC. This thesis describes the exploration of different aspects of 
2D-HPLC that were developed in order to improve the overall design of these 
systems and make them more adaptable to industry’s needs. 
Enhancement of monolithic column selectivity was examined via the 
functionalisation of a mixed mode silica based monolith. Cyano and phenyl ligands 
were selected in order to combine both resonance and non-resonance π-type bonding 
within a single separation environment. The column displayed excellent methylene 
and aromatic selectivity (all R2 values above 0.9920) in multiple solvent systems. 
When compared to monolithic columns that had been functionalised individually 
with the cyano or phenyl ligands, the mixed mode monolith exhibited improved 
aromatic selectivity, particularly with larger molecules with a high degree of 
conjugation. This demonstrated that the different π-type bonding afforded by the two 
ligands play an important role in the retention of aromatic compounds and may be 
useful in enhancing selectivity in 2D-HPLC separations. 
The concept of a novel gradient stationary phase in order to mimic the effect of a 
mobile phase gradient was explored with the expectation that this would eliminate 
timely column re-equilibration that is inherent to gradient analyses. The feasibility of 
developing a gradient stationary phase was assessed by serially linking three columns 
with different retention strengths. A 19% increase in column efficiency (measured as 
 
 
 xi 
the number of theoretical plates) was seen when the column with the lowest retention 
strength was used as the inlet and the outlet contained the column with the greatest 
retention strength. Further to this a gradient stationary phase was prepared by in-situ 
modification of a monolithic column. Band compression was observed when the 
column was operated in the reverse flow direction (low to high retention strength). 
This compression led to a 15% increase in the measured column efficiency.  
A non-destructive peak parking technique was employed in order to characterise 
the ligand bonding density at different sections of the column. A greater peak 
variance was seen at the outlet of the column compared to the column inlet, which 
supported a stationary phase gradient along the length of the column. These results 
were compared to a commercial C18 monolith, which displayed a consistent peak 
variance along the column length suggesting a homogenous surface coverage, which 
was in agreement with the manufacturers claims. 
A quality by design approach was applied to the 2D-HPLC separation of a 
standard antioxidant mixture containing 17 antioxidants that were selected to 
represent a coffee extract. In-silico optimisation software that predicted retention 
profiles on the basis of real experimental data was used to develop ideal 
one-dimensional separations on a number of columns. The fractional surface 
coverage of different column combinations was then calculated via the bins method 
to determine the best column pairing to use for the 2D-HPLC separation. The 
operating conditions for the two columns were optimised with the simulation 
software to provide suitable elution times for a 2D-HPLC analysis. The simulated 
conditions were tested experimentally by performing one-dimensional separations of 
the antioxidant mixture. Good agreement between the predicted and the experimental 
retention times was observed, with an average error of 5.6% for the first dimension 
and 1.8% for the second dimension. The space utilisation of the experimental 
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separation of the antioxidant mixture was 44% and closely matched the predicted 
orthogonality of 38%. The orthogonality of the 2D-HPLC of the coffee extract was 
39%, almost an exact match for that predicted by the standard antioxidant mixture 
(38%). This illustrates that the use of a series of standards to describe a complex 
sample matrix is effective at approximating the final outcome. 
Solvent strength mismatch between the two dimensions of 2D-HPLC separations 
can have deleterious effects on peak shape and detection systems. A novel counter 
gradient to control mobile phase miscibility during transport between 2D-HPLC 
dimensions was developed and the resulting influence on peak area was explored. 
The introduction of the counter gradient successfully eliminated the strong solvent 
mismatch between dimensions, leading to a much improved peak shape and better 
detection limits improving quantification. Summing of peak areas to form a 
cumulative peak area was completed for 11 antioxidants via two different methods - 
the areas reported by the HPLC control software and by fitting the data with a 
Gaussian model - previously used for quantification purposes in 2D-HPLC. These 
methods were evaluated for precision and sensitivity. Both methods demonstrated 
excellent precision in regards to retention time in the second dimension (%RSD 
below 1.16%) and cumulative second dimension peak area (%RSD below 3.73 from 
the instrument software and 5.87% for the Gaussian method). Combining areas 
reported by the HPLC control software displayed superior limits of detection, almost 
an order of magnitude lower than the Gaussian method for some analytes. 
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1. High performance liquid chromatography 
Liquid chromatography is an analytical technique whereby components of a 
mixture can be separated from each other via their dissimilar affinities for the 
stationary phase (column) which gives rise to differential migration in the liquid 
mobile phase. The first recorded use of liquid chromatography was in 1903 when 
Tswett separated plant pigments on a column packed with small particles of various 
porous adsorbents and using petroleum ether as the mobile phase (Figure 1.1) [1]. 
 
Figure 1.1: Schematic of Tswett’s experiment – the first recorded use of 
chromatography. Image adapted from [2]. 
 
Significant advances in liquid chromatography have occurred since Tswett’s initial 
experiment. Horváth and co-workers [3] developed the first pressurised 
chromatography system in 1967 to separate nucleotides. This gave birth to the 
technique that today is referred to as high performance liquid chromatography 
(HPLC). Over the last five decades, a great deal of research has focused on 
developing liquid chromatography systems in an attempt to improve the separation 
power of this technique as evinced by the myriad of textbooks and reviews [4-23]. 
Greater understanding of the fundamental mechanisms of chromatography has 
resulted in columns now being designed with increased length [24], decreased 
Petroleum ether 
 
Plant extract 
Glass tube 
Calcium carbonate 
 Pigment A 
Pigment B 
Pigment C 
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3 
particle sizes [25] to improve the efficiency (or the number of theoretical plates) 
and/or the use of monolithic rods [26-28] to enhance the speed of separations. 
Improvements in separation performance have also been realised, with the use of 
gradient elution [4, 5, 29], high temperature [18, 30, 31] and high-pressure systems 
[16, 32, 33] to improve separation performance. These developments have all 
occurred with a sole focus in mind: the ability to perform highly efficient separations 
within an acceptable analysis time. 
1.1 Multidimensional liquid chromatography 
Liquid chromatography has been used extensively across a wide variety of 
samples, from the very simple containing a few unique chemical constituents to the 
exceedingly complex that contain thousands of components [34-39]. As the sample 
complexity increases, there is an inherent need to increase the separation power of 
the system and that usually comes at the cost of longer analysis times [23, 40, 41]. 
Whilst a substantial amount of effort has been focused on improving the separation 
power of single dimension systems, there are practical upper limits to the resolution 
that can be achieved between peaks with current technology [12, 22, 42]. 
In an attempt to overcome the limits of separation power, analysts have moved 
towards the development of multidimensional liquid chromatography in which 
samples are separated on two or more independent chromatographic columns [22]. 
The major advantage of multidimensional systems over conventional 
one-dimensional systems is their ability to produce huge peak capacities and 
therefore a much greater resolving power [42-44]. However, in reality analysts are 
limited to two-dimensional high performance liquid chromatography (2D-HPLC) as 
the practical considerations when operating above this level are extraordinarily 
difficult to overcome [22, 45]. Two-dimensional HPLC has found success in recent 
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years in fields where complex samples are routinely found such as proteomics [46-
48], metabolomics [49, 50], pharmaceuticals [51, 52] and food and environmental 
analysis [53-56]. 
Two-dimensional HPLC is broadly categorised into two main types: off-line and 
online [22, 23]. Off-line 2D-HPLC requires the collection of fractions as they elute 
from the first dimension column [57]. These fractions are stored in HPLC vials until 
their injection onto the second dimension. The advantages of this approach are that 
there is no time constraint on either dimension and an infinitely large separation 
power can be attained [57]. Marchetti et al. [58] illustrated this with a separation 
where a peak capacity of approximately 7000 was achieved with an off-line 
approach, however this did come at the cost of a rather lengthy analysis time 
(27 hours). Along with lengthy analysis times, the other main disadvantage of the 
off-line approach is the lack of automation, making the process labour intensive. 
Online 2D-HPLC can be sub-divided into ‘heart-cutting’ or ‘comprehensive’ [23]. 
Both of these methods involve fractions from the first dimension being transferred 
directly to the second dimension via a switching valve and sample loops, however 
they differ in the amount of the eluent transferred from the first dimension. In the 
heart-cutting mode only selected peaks of interest are transferred into the second 
dimension [59], whilst comprehensive 2D-HPLC involves transferring the entirety of 
the first dimension eluent to the second dimension for analysis [60].  
The major advantage of the online approach is complete automation of the system, 
however, this configuration requires the second dimension to be carried out in real 
time with the first dimension [22]. This places an immense constraint on the analysis 
time of the second dimension, as it must be completed before the next sample from 
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the first dimension is injected [22]. This highlights the need for systems that can be 
operated at high speeds and with increased peak capacities. 
2. Peak capacity 
Peak capacity, nc, is a measure of performance that is often used to describe the 
separation power of a chromatographic system. Giddings [61] defined peak capacity 
as the number of peaks that can be placed side by side, between the first and last 
peak of interest, with equal resolution (usually R=1). 
Whilst peak capacity has been mainly used in the past as a theoretical measure of 
the quality of a separation, it has now become an important practical tool when 
designing HPLC experiments [62-64]. There has been much discussion in the 
literature [12, 42, 61, 65-67] about the most effective way to calculate the peak 
capacity of a system, however there is a general consensus that the equations 
outlined below are, at present, the best approach to calculate peak capacity.  
For isocratic separations (where the mobile phase composition remains constant), 
peak capacity is defined by Equation (1.1) [61]: 
 
    

   

 
(1.1) 
where N is the plate number and  and  are the retention times of the first and last 
peak of the separation, respectively.  
In gradient separations (where the mobile phase composition is changed during the 
separation), peak capacity is defined by Equation 1.2 [65]: 
     

  (1.2) 
where is the gradient run time and  is the average peak width.  
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Both equations assume ideal peak shapes and an unchanged peak width with 
retention time. Therefore, the peak capacity is generally an overestimation of the 
separation power of a chromatographic system.  
The statistical model of peak overlap (SMO), developed by Davis and Giddings in 
1984 [68] provides the theoretical basis as to why single dimension separations are 
often inadequate for dealing with complex samples. They postulated that due to the 
random distribution of retention times found in experimental chromatograms, only 
37% of the calculated peak capacity would actually be available for use [68]. For 
example, if the separation of a sample containing 100 different components was 
completed on a single dimension that had a peak capacity of 100, the maximum 
number of peaks obtained would be 37. Most of these peaks will be a result of 
multiple overlapping bands of a number of different sample components. This lack of 
resolution is troublesome when analysts wish to separate and identify as many of the 
individual sample components as possible and highlights the need for exceptionally 
high peak capacities for overly complex samples.  
The current limits of one-dimensional HPLC (pressure, analysis time, etc.) make it 
difficult to generate exceedingly high peak capacities. The peak capacity of a 
2D-HPLC separation is much greater than 1D-HPLC and thus has the power to 
resolve a greater number of chemical compounds, according to Equation 1.3 [10]: 
      
where nc,2D is the multidimensional peak capacity – i.e. the number of peaks that can 
be baseline resolved; nc,1 and nc,2 are the peak capacities of the first and second 
dimensions, respectively; fcoverage represents the amount of surface space that is 
utilised by the separation and   is the first dimension broadening factor, which is 
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related to the effect of the sampling rate (i.e. how many fractions per peak are 
transferred) on the overall nc,2D. 
The fractional surface coverage (fcoverage) that a multidimensional separation 
utilises is one of the more important aspects in developing a successful 2D-HPLC 
separation [10]. The fcoverage of a separation is determined by the degree of 
orthogonality or the amount of difference between the two chromatographic 
dimensions. Orthogonality is defined in analytical chemistry as the two separation 
dimensions having statistically independent retention mechanisms [60]. 
Generally speaking, the more orthogonal two dimensions are, the better the 
2D-HPLC separation will be as each dimension needs to provide a different mode of 
retention in order to fully exploit the separation space afforded by using two columns 
[69, 70]. However, a truly orthogonal system, in which the two dimensions are 
completely uncorrelated, is extremely rare, as this depends not only on the separation 
mechanisms of the columns but also the properties of the solutes and the separation 
conditions [44, 71]. 
Researchers have used a number of different approaches in order to develop 
multidimensional separations that have a high degree of orthogonality. Some 
protocols have included coupling different separation techniques such as: liquid 
chromatography (LC) × gas chromatography (GC) [72, 73]; LC × capillary 
electrophoresis (CE) [74, 75]; and LC × supercritical fluid chromatography (SFC) 
[76, 77], however use of these types of multidimensional systems is not widely 
reported in the literature as designing the physical interface between the two 
instruments can be problematic [78]. 
Coupling of different types of liquid chromatography is much more widely 
reported in the literature as the instrument interface for LC × LC separations is much 
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more straightforward and easier to implement, although there are still issues 
associated with this [22]. Successful LC × LC mode combinations include: size 
exclusion chromatography (SEC) × reversed phase (RP) [79, 80]; SEC × normal 
phase (NP) [81, 82]; RP × ion exchange chromatography (IEC) [83, 84]; RP × 
affinity chromatography [85, 86]; RP × hydrophilic interaction chromatography 
(HILIC) [87, 88]; RP × NP [89, 90] and RP × RP [91, 92]. 
A number of these combinations provide excellent orthogonality, as the retention 
mechanisms are markedly different, however a major disadvantage for almost all of 
these combinations is that they generate a relatively low peak capacity [21] and there 
are issues of solvent incompatibility (RP × NP). Regardless, these different LC × LC 
combinations have been used successfully for a range of different applications such 
as proteomics [93], pharmaceutical analysis [94], environmental analysis [95] and 
food analysis [96]. 
Reversed phase × reversed phase combinations are by far the most common 
LC × LC separations reported in the literature [40, 97-105]. This may be because the 
RP mode is the most well understood of all LC modes making it an attractive option 
for most analysts when it comes to the difficult process of 2D method development 
[21]. Reversed phase × reversed phase systems also have miscible solvents making it 
easier to couple these two dimensions than a RP × NP system [106], however the use 
of a gradient in the first dimension should be monitored to ensure there is limited 
solvent strength mismatch with the second dimension [107]. They also allow for fast 
separations [108] and can generate a very high peak capacity [109].  
The major disadvantage of RP × RP systems is the difficulty in finding a suitably 
orthogonal pairing due to the similar underlying retention mechanisms of reversed 
phase columns [110], despite there being more than 350 types available [111]. This 
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highlights the need for the development of novel stationary phases for reversed phase 
liquid chromatography that can provide different selectivity to those currently 
available. Orthogonality in RP × RP systems can be enhanced by the use of different 
organic modifiers (such as acetonitrile, methanol or THF) in the mobile phase [112], 
a range of pH [113] and different temperatures [114], all of which have been shown 
to influence the selectivity of separations. 
There is no set protocol for determining the degree of orthogonality that different 
types of stationary phases will provide due to the aforementioned reasons. However, 
a review by Jandera [115] discussed a number of important aspects, including 
column properties and mobile phase composition, to consider when designing an 
orthogonal comprehensive 2D-LC system. 
2.1 Optimising peak capacity 
A small number of recent publications discuss systematic multivariate approaches 
towards the optimisation of peak capacity [45, 116-122]. Almost all of these 
conclude that the best way to achieve the highest possible peak capacity for a 
separation is to simultaneously optimise analysis conditions such as column 
dimensions, flow rate, gradient time and temperature. 
2.1.1  Column parameters 
Chromatographic resolution can be enhanced by either increasing the column 
length or reducing the particle size diameter [7]. Of these two options, the latter is 
most effective and more often reported in the literature [25, 120, 123-125]. Smaller 
particle sizes can be combined with shorter columns to facilitate rapid separations 
with improved resolution, whereas longer columns will result in increased analysis 
times and back pressure problems [7]. 
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The maximisation of peak capacities using column parameters is almost always 
reported in conjunction with the optimisation of other analysis conditions such as 
flow rate, mobile phase gradient, and temperature, as there is generally wider scope 
for manipulation of these variables. However, Gilar et al. [126] reported a 26% 
increase in peak capacity when using a 150 mm column when compared to a 50 mm 
column whilst all other analysis parameters were held constant. Eeltink et al. [119] 
also reported higher peak capacities when using a 50 cm capillary column compared 
to 15 cm capillary column for a peptide separation, however the 50 cm column had a 
longer total analysis time due to longer periods required for re-equilibration. 
Recent developments in column technology have seen sub-2 μm particles used 
more routinely in many types of LC separations, especially in the analysis of 
pharmaceutical and biological samples [127-131]. Plumb and co-workers [132] used 
ultra-performance liquid chromatography combined with elevated temperatures to 
generate a peak capacity of 1000 in under 1 hour. Detailed reviews by de Villers et 
al. [125] and Fekete et al. [15] discuss the advantages of speed and efficiency of sub-
2 μm particle packed columns compared to standard columns (5 μm particles) and 
monolithic columns.  
Whilst smaller particle sizes allow the use of shorter columns and therefore shorter 
analysis times without sacrificing efficiency, there is a dramatic increase in system 
back pressure [32], limiting the linear velocity at which a separation can be 
performed. Specialised ultra-performance liquid chromatography instrumentation has 
been developed to alleviate this pressure limitation, however this is expensive and 
not commonplace outside particular laboratories [133].  
One of the more recent developments in column technology is the use of core-shell 
particles (also known as fused-core or superficially porous particles) [134]. These 
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have a small solid core surrounded by a larger porous shell, allowing for highly 
efficient separations similar to those obtained with sub-2 μm particles but at a 
relatively low back pressure as the porous shell increases the diameter of the particles 
[14]. While core-shell particles are designed to have a shorter diffusion path across 
the particles which allows for faster mass transfer, the main reason for the high 
efficiency exhibited by the core-shell particles is a reduction in the eddy diffusion, 
lessening the amount of band broadening in columns packed with these particles 
compared to the fully porous particles [135]. 
DeStefano et al. [136] reported reduced plate heights of 1.5 and below for columns 
packed with 2.7 μm core-shell particles. These particles provided highly efficient 
separations comparable with sub-2 μm fully porous particles, but with a much 
reduced back pressure. Guiochon’s research group [137-141] have described 
improved separations when using core-shell particles for a number of different 
samples containing large molecules such as proteins, moderate molecular weight 
peptide and protein digests of insulin, myoglobin and bovine serum albumin. 
Core-shell particles have also shown promising results in a number of different 
research areas including proteomics [142, 143], pharmaceutical analysis [52, 144] 
food analysis [145-147], and environmental analysis [148-151] and have also been 
applied to a variety of 2D-HPLC separations [52, 56, 152]. 
Micro bore (1 mm or less internal diameter (i.d.)) and narrow bore columns (2 mm 
to 3 mm i.d.) have also been investigated as column formats in an attempt to increase 
peak capacities of separations, however these types of columns cannot be used with 
conventional HPLC systems due to the very low flow rates required, which are 
outside the operating range of standard pumps and instrument modifications are 
needed [153]. 
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Another significant development in HPLC column technology has been monolithic 
silica stationary phases – rods made from a single piece of porous silica [17, 27, 
154]. Their unique properties – in particular their tolerance to high flow rates and the 
rapid speed of chromatographic separations at acceptable back pressures – have 
made these columns attractive alternatives to the traditional packed stationary phases 
for some applications [155]. Monolithic columns will be discussed in more detail in 
section 3. 
2.1.2  Flow rate 
The effect of mobile phase flow rate on column efficiency is relatively well 
understood in the terms of van Deemter’s equation (Equation 1.5) [156]. 
           
where HETP is the height equivalent to a theoretical plate, A represents the eddy 
diffusion, B represents the longitudinal diffusion, C represents the resistance to mass 
transfer of an analyte within both the mobile and stationary phases, and υx is the 
linear velocity of the eluent [156].
In liquids, very low flow rates will contribute to band broadening through 
longitudinal diffusion. However, higher flow rates will have an increased resistance 
to mass transfer, which can also contribute to band broadening, and hence a loss of 
efficiency, if the equilibrium between the mobile and stationary phases is not 
maintained. With this knowledge, chromatographers often employ gradient elution to 
increase the speed of a separation. 
A strong relationship between flow rate and gradient time has been noted by a 
number of chromatographers and the optimisation of these parameters is often 
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reported together [62, 65, 119]. Wang et al. [116] studied the effect of flow rate over 
a series of gradients with fixed times and found that maximum peak capacities were 
achieved at intermediate flow rates for the four different gradient times tested. 
Nevertheless, the optimal flow rate for this study varied from 0.90 to 0.30 mL/min 
when the gradient time was increased from 15 to 120 min. The highest peak capacity 
resulted from the combination of a long gradient time (120 min) and a low flow rate 
(0.30 mL/min) [116].  
To achieve a compromise between analysis time and peak capacity, many 
chromatographers choose to use shorter gradients with faster flow rates as longer, 
slower separations aren’t feasible, especially in fields such as pharmaceutical 
analysis where a high throughput is needed [51, 157]. Neue et al. [12] calculated the 
peak capacity as a function of gradient time and flow rate for a set of small 
molecules (MW ~ 250) and found that a maximum peak capacity of 250 was 
achieved over a 24 hour gradient using a flow rate of 0.35 mL/min. However, by 
doubling the flow rate, a peak capacity of 150 could be achieved with a gradient time 
of only 60 min. This shows that 60% of the separation power could be achieved in 
1/24th of the time. This dramatic reduction in analysis time, whilst still achieving a 
reasonable separation power makes faster, shorter gradient separations an attractive 
option.   
2.1.3  Mobile phase gradient 
As briefly discussed in the previous section, longer gradient times result in higher 
peak capacities; however there tends to be a limit to the increase of peak capacity at 
longer gradient times [65]. Wang et al. [116] studied the effect of gradient time over 
a series of flow rates whilst separating peptides and found that the increase of peak 
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capacity as a result of an increased gradient time is much more significant at lower 
flow rates.  
Petersson et al. [118] found that by maintaining the gradient slope but increasing 
the gradient run time, an increase in peak capacity was observed when separating 
pharmaceutical compounds and their degradation products. An increase in peak 
capacity was also achieved by increasing the flow rate over a set gradient time, 
which in turn results in a shallower gradient slope. Shen et al. [158] reported an 
increase in peak capacity when the separation time of a tryptic digest was extended 
from 1.5 min to 50 min, resulting in a slower, shallower gradient. Similar results 
were also observed by Eeltink and co-workers [119] when they extended the gradient 
time of the separation of a tryptic digest from 15 to 60 min. 
2.1.4  Temperature 
Over the last decade or so high temperature liquid chromatography has gained 
particular interest [30, 49, 83, 159, 160] as increased temperatures reduce the 
viscosity of the mobile phase, which allows the system to operate at a lower back 
pressure. With some of the pressure restrictions removed, higher flow rates can be 
employed for the separations resulting in narrower peaks and therefore an increased 
peak capacity. 
A number of recent publications highlight significant increases in peak capacity 
when using elevated temperatures. Wang et al. [117] reported an improvement in 
peak capacity from 400 at room temperature to over 500 when performed at 70 °C 
for a peptide separation. The analysis time was also halved (4 hours to 2 hours) when 
the separation was conducted at the elevated temperature [117]. Marchetti et al. 
[139] described a peak capacity of 400 in a 1 hour analysis time for a separation of 
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peptides from tryptic digests of bovine serum albumin using a column packed with 
superficially porous particles at 60 °C. Lestermau and co-workers [161] 
demonstrated that using standard analytical size columns (4.6 mm i.d., 5μm particles) 
and the same analysis time, a 3-fold increase in peak capacity (100 to 300) was 
achieved when elevating the temperature from 30 °C to 80 °C. Sandra and 
Vanhoenacker [162] achieved a peak capacity approaching 900 for a single 
dimension separation of bovine serum albumin using eight coupled 25 cm × 4.6 mm 
× 5 μm columns, however this was accomplished with a lengthy analysis time of 500 
min. High temperature HPLC has afforded very fast separations; Stoll et al. [49] 
have described the use of 110 °C to yield a 21 second elution time in the second 
dimension of a 2D-HPLC separation of metabolites from maize seedlings. 
Whilst an increase in peak capacity and decrease in analysis times has been 
successfully achieved using elevated temperatures, caution should be exercised when 
developing such systems as there are not many commercially available thermally 
stable LC columns [21]; most column manufacturers do not recommend operating at 
temperatures above 60 °C. The thermal stability of the sample also needs to be 
considered when using an elevated temperature approach as discussed by Yang et al. 
[159]. 
2.1.5  Optimisation software 
As mentioned previously, most researchers recommend a systematic multivariate 
approach to optimising the peak capacity of a separation. While there are examples 
in the literature of protocols designed to aid in the optimisation process, particularly 
for LC × LC systems [45, 121, 122], a complete multivariate optimisation of a 
separation can often be time-consuming and a somewhat iterative trial-and-error 
process [116, 163, 164]. 
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Optimisation of HPLC experimental parameters has been assisted using simulation 
software [20, 165-168], which is accurate for both isocratic and gradient elution 
modes. Dolan and co-workers [165] compared the elution profiles of simulated 
chromatograms generated by in-silico optimisation software against real separations 
and found a very close agreement between the predicted and real data. Liquid 
chromatographic separations with a gradient mobile phase can be optimised on the 
basis of gradient time (tG), temperature and pH [169]. One or all three of these 
parameters can be optimised simultaneously with in-silico simulation software such 
as DryLab® [166], LC-Simulator® [170] or ChromSword® [171]. These software 
packages use chromatography-based theory such as solvophobic theory [172] and 
linear solvent strength theory [9] to optimise the separation and only require a 
minimum number of input runs for experimental modelling of the different 
parameters. The resulting simulations are fast, efficient and reliable, saving time and 
money in the laboratory [20]. 
3. Monolithic columns 
Despite the recent progress, discussed in the previous section, made in optimising 
the peak capacities for one-dimensional and multidimensional liquid chromatography 
techniques, it is evident that the main limiting factor in many of these separations is 
speed. Many analysts are still prepared to accept a compromise in the analysis time 
of comprehensive 2D-HPLC separations in order to attain the maximum possible 
peak capacities, as this is where the true separation power of these systems is 
achieved [22, 58, 121].  
Monolithic stationary phases are renowned for the ability to increase the speed of 
separations and have been used for a wide variety of analyses [17, 26, 27, 173, 174]. 
The high speed that monolithic columns provide is primarily due to the structure of 
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the stationary phase; a continuous rod of silica consisting of a network of porous 
channels containing both macropores and mesopores [17]. The size of the 
macropores is largely responsible for controlling the permeability of the monolithic 
columns, whilst the mesopores provide a large surface area for bonding of the 
stationary phase at which the retention of solutes occurs [17, 175]. While the main 
advantage of monolithic columns is their speed, one drawback is the limited variety 
of surface chemistries in commercially available columns. At present monoliths are 
only available as bare silica, C8 and C18. This presents an issue when applying such 
columns to 2D-HPLC separations where orthogonality between the two dimensions 
is essential for the success of the separation [23, 115, 176]. 
Development of alternative monolith stationary phases has proven difficult due to 
the delicate synthesis procedure of monolithic columns [17]. Many research groups 
have found it extremely difficult to manufacture a monolithic rod without damage 
occurring to the bed during the sensitive drying and encapsulating stages of the 
process [177, 178]. The difficulties encountered with the synthesis of silica monolith 
rods and a series of airtight patents [179-182] protecting the commercial procedure 
for the manufacture of monolithic columns has lead to the development of in-situ 
modification procedures of bare silica columns that are commercially available [183-
188]. 
Bayer et al. [183] and Lubda et al. [184] both prepared aminopropyl-silica 
monoliths via in-situ modification, followed by further modification with 
β-cyclodextrin derivatives. Both reported a relatively uniform surface coverage of the 
columns after modification. Bayer et al. [183] achieved a column efficiency of 
73,584 N/m using 2-nitoansiole, whilst Lubda et al. [184] reached a plate count of 
36,770 N/m using methadone. Lubda et al. [185] also described a similar method for 
monolith modification using tert-butyl-carbamoylquinine. Excellent homogeneity of 
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the surface coverage was achieved with this method and an efficiency of 88,340 N/m 
was reported for N-derivatised amino acids using a polar-organic mobile phase. 
Sugrue et al. [186] modified a silica monolith with iminodiacetic acid for the 
separation of alkaline earth, alkali and selected transition metal ions. The surface 
coverage after modification was non-homogenous, however there was sufficient 
capacity to facilitate retention of the analytes of interest. The efficiency for the 
prepared column using Ba(II) was 18,050 N/m.  
Yang et al. [187] studied the efficiency of columns as a result of end-capping 
procedures using hexamethyldisilanzane (HMDS) and N-(trimethylsilyl)imidazole 
(TMSI). Endcapping was performed on a commercially available C18 and also an 
in-house modified octadecyl-N,N-diethylaminosilane (ODS-DEA) monolith. They 
showed that separation of basic compounds on both columns could be improved after 
endcapping with TMSI. 
Soliven et al. [188] recently described the successful modification of a cyano 
bonded silica monolith. The method used for this modification was based on the 
procedures previously outlined by Bayer et al. [183] and Lubda et al. [184, 185] with 
some alterations. The highest plate count using anisole was 81,650 N/m, which is 
comparable to the efficiencies achieved by both Bayer et al. [183] and Lubda et al. 
[185]. Surface coverage of the cyano ligands was adequate however uniformity was 
not achieved. The inlet and the outlet of the column both had a higher ligand density 
than the middle of the column, whilst the endcapping agent was distributed 
heterogeneously along the column axis. 
Despite the limited research into modification of analytical scale monoliths, 
promising results have been seen so far. The small number of modification 
procedures described will allow chromatographers the option to prepare almost any 
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type of monolith-modified stationary phase [189-192], overcoming the limitations 
associated with selectivity in the silica based monolith commercial market. 
A stationary phase type that should hold particular interest to the separation 
community, especially for LC × LC separations where orthogonality is paramount, is 
mixed mode columns. These types of columns offer the advantage of combining 
different kinds of separation modes together in the one separation environment, 
potentially exploiting different attributes of the sample and improving the selectivity 
of the column. While there are numerous examples in the literature on the application 
of particle packed mixed mode columns [193-197], monolithic columns provide a 
useful platform to build mixed mode surfaces, which has been highlighted by a 
number of publications describing the production of mixed mode capillary silica 
monoliths [198-200]. Despite this, to the best of my knowledge there is only one 
example in the literature of a mixed mode modified analytical scale silica monolithic 
column [201]. Further research into this area could provide improved selectivity 
combined with the speed afforded by monolithic columns, making these types of 
columns attractive for the second dimension for LC × LC separations. 
In-situ modification procedures of monolithic columns also open up the avenue for 
the development of gradient stationary phases. Gritti and Guiochon [202] recently 
discussed the concept and potential advantages of gradient stationary phases - where 
the density of the bonded ligand is applied in a gradient fashion along the length of 
the column. They concluded that if a gradient stationary phase could provide band 
compression, it could be as effective as a classical mobile phase gradient, allowing 
for separation to take place under isocratic conditions but have the same benefits as a 
gradient separation. A development in monolithic column technology such as this 
would be beneficial in online two-dimensional separations where the speed of the 
second dimension is the limiting factor [57]. 
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4. Project Aims 
The advantage of two-dimensional high performance liquid chromatography 
(2D-HPLC) is its ability at producing superior resolving power than its 
one-dimensional counterparts. However the design of these separations is a complex 
and time-consuming process, as a number of different parameters such as HPLC 
column selection, sampling frequency and analysis time must be optimised to reach 
the full potential of the system [23, 45, 119, 163, 176].  
The aims of this project were to explore multiple facets of 2D-HPLC and improve 
this powerful analysis technique thus transforming it into a viable tool for industrial 
adoption. Enhancement of monolithic column selectivity by exploring the concept of 
a gradient stationary phase to mimic the effect of a mobile phase gradient was 
investigated. It is expected that this will eliminate time-consuming column 
re-equilibration, which is inherent to gradient analyses, and will have strong 
implications in the design of 2D-HPLC methodology. Importantly a non-destructive 
test to measure the bonding density at different positions along the length of the 
column was explored. While these are aimed at improving certain parts of the two-
dimensional setup, reducing the complexity of the overall design of a separation was 
also explored by adopting a quality by design approach with the aid of in-silico 
optimisation software. Finally, the introduction of a counter gradient to control 
mobile phase miscibility during transport between dimensions was developed and the 
resulting influence on 2D-HPLC peak areas was explored. 
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CHAPTER TWO 
Investigating retention characteristics of a 
mixed mode stationary phase and the 
enhancement of monolith selectivity for high 
performance liquid chromatography 
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1. Introduction 
The complexity of samples derived from natural origin requires their analysis by 
means of liquid chromatography to act upon the various attributes that describe the 
sample, particularly the dominant factors [71]. Many natural products contain a 
degree of conjugation; an ability to undergo either resonance or non-resonance 
π-type bonding that can be exploited in chromatographic separations [203-205]. 
Numerous stationary phases have been designed for exactly this purpose [206]. For 
example, phenyl-type phases engage in resonance π-type bonding, while cyano-type 
phases employ non-resonance π-type bonding [206]. Separations on both these 
phases often display vastly different selectivities. For example, Mnatsakanyan and 
co-workers [207] illustrated in a two-dimensional HPLC analysis of an espresso 
coffee that the correlation in retention against a C18 column was greater for the 
phenyl-type phases than for cyano-type phases when the analysis was compared to 
the sample as a whole. However, when the analysis of separation selectivity was 
divided into subunits within the sample the phenyl-type phases showed more 
divergent correlation against the C18 phase than the cyano phase [207].  
In one-dimensional studies that involved the analysis of a homologous series of 
polycyclic aromatic hydrocarbons (PAHs) selectivity correlation between the phenyl 
and cyano phases depended on the number of aromatic rings [188, 208]. Therefore, 
the complexity of samples derived from natural origin are such that no single phase 
can provide a separation environment that may be described as ‘ideal’.  
The resolution of complex mixtures requires the separation power of 
two-dimensional high performance liquid chromatography (2D-HPLC) that allows 
for multiple separations that are tuned to specific sample attributes [71]. Two 
different dimensions individually exploit the dominant attributes of the sample, 
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providing an expanded separation space and a far greater peak capacity. Although 
there are exceptions [209, 210], multidimensional separations are typically limited to 
two dimensions as: (1) sample dilution causes problems with limits of detection in 
higher order dimensions, and (2), for online analysis the velocity of the mobile phase 
for the third (and higher) dimension(s) must be so much faster than the first 
dimension in order to minimise any wrap around effects it becomes impractical [22]. 
In an effort to overcome these limitations a mixed mode, π-type selective 
stationary phase that incorporated both phenyl and cyano functionality has been 
designed. These ligands were bonded to a monolithic HPLC column as this column 
format offers enhanced throughput capabilities that may be useful for high speed 
multidimensional applications [17, 175, 211, 212]. In addition, monolithic columns 
are a useful platform onto which mixed mode surfaces can be built via in-situ 
modification [185, 186, 188, 201, 213]. 
This chapter explores the retention characteristics of monolithic columns with 
mixed functionality by detailing the methylene and aromatic selectivities in typical 
reversed phase solvents and comparing to individual columns prepared with these 
ligands. 
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2. Experimental 
2.1 Chemicals 
Deionised water was obtained in-house (Continental Water Systems, Victoria, 
Australia) and filtered through a 0.45 µm membrane filter (Sigma-Aldrich Pty Ltd, 
Castle Hill, NSW, Australia) prior to use. High performance liquid chromatography 
grade reagents were used unless otherwise stated. Methanol and acetonitrile were 
obtained from Ajax Finechem Pty. Ltd. (Taren point, NSW, Australia); 
tetrahydrofuran was obtained from Chem-Supply (Gillman, SA, Australia). 
Isopropanol and heptane were purchased from Merck Pty. Ltd. (Kilsyth, Victoria, 
Australia). Heptane was dried by reflux over sodium. Chloro(3-
cyanopropyl)dimethyl silane, chloro-dimethyl propyl phenyl silane and chloro-
trimethyl silane were obtained from Gelest (USA). Thiourea was obtained from BDH 
Chemical Ltd. (Poole, England). Linear PAHs (benzene, naphthalene, anthracene, 
2,3-benzanthracene and pentacene) and n-alkylbenzenes (benzene, toluene, 
ethylbenzene, propylbenzene, butylbenzene, pentylbenzene, hexylbenzene, 
heptylbenzene and octylbenzene) were obtained from the Aldrich Chemical 
Company, Inc. (Castle Hill, NSW, Australia).  
2.2 Instrumentation 
Chromatographic tests were performed on an Agilent 1260 system (Agilent 
Technologies, Mulgrave, Victoria, Australia), incorporating a quaternary pump with 
solvent degasser, an auto-sampler, a thermostated column compartment and a DAD 
module that monitored the absorbance at 254 nm. Chromatographic data was 
obtained and processed with Agilent ChemStation software. The temperature of the 
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column was held isothermally at 30 °C. All injections were 2 µL and elution 
performed in various isocratic modes. 
2.3 In-situ modification method 
Monolithic stationary phases were prepared in-house at the University of Western 
Sydney according to the methods previously described [188, 213]. Bare silica 
monoliths (Onyx, 100 × 4.6 mm, 130Å pore size) were purchased from Phenomenex 
(Lane Cove, NSW, Australia). Prior to surface modification, dried heptane (50 mL) 
was pumped through the monolith. A 1% v/v solution of chloro-dimethyl propyl 
phenyl silane was used as the phenyl ligand bonding silane solution and a 1% v/v 
solution of chloro(3-cyanopropyl)dimethyl silane in dried heptane was used as the 
cyano ligand bonding silane. End-capping was achieved using a 1% v/v solution of 
chloro-trimethyl silane. Column modification was undertaken using 100 mL of each 
silane solution that was pumped through the monolith at 30 minute intervals (at flow 
rates of up to 4 mL/min) with five column volumes of the silane solutions. Between 
each pump cycle the silane solution was allowed to sit static within the column for 
30 minutes. For the mixed mode monolith, this step was completed in the forward 
direction only, firstly for the phenyl silane solution, and then repeated with the cyano 
silane solution and finally the end-capping silane solution. For the individual cyano 
and phenyl modified monoliths this step was completed once the forward direction 
(50 mL) and once in the reverse direction (50 mL). 
 These solutions were pumped through the monolith using a Waters 501 HPLC 
pump at 80 °C using a HPLC column heater (Thermasphere TS-130) from 
Phenomenex (Lane Cove, NSW, Australia).  
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After silylation was completed the surface of the monolith was deactivated and any 
remnants of the silane solution were removed by rinsing with pure solutions of 
heptane (50 mL), isopropanol (30 mL) and methanol (30 mL) using a flow rate of 
4 mL/min at ambient room temperature. 
2.4 Chromatographic separations 
The n-alkylbenzene test solutes were dissolved in either methanol/water (80/20) or 
acetonitrile/water (80/20), and made up to concentrations between 7 and 14 mmol/L. 
Because of their poor aqueous solubility polycyclic aromatic hydrocarbon (PAH) test 
solutes were first dissolved in tetrahydrofuran and then diluted further in either 
methanol/water (80/20) or acetonitrile/water (80/20), and made up to concentrations 
between 0.1 and 1.5 mmol/L. Chromatographic behaviour was assessed in at least 
five isocratic mobile phases strengths (five methanol/water and five 
acetonitrile/water compositions), with the column equilibrated with 20 column 
volumes of mobile phase prior to analysis. Mobile phases were mixed at the 
appropriate compositions by the quaternary pump. The column was thermally 
equilibrated for 1 hour prior to analysis and then maintained at a constant 
temperature (30 ± 0.2 °C) and a flow rate of 3 mL/min was employed for all 
analyses. Experiments were randomised, and duplicates were performed for each 
injection. Void volumes were measured using the minor disturbance method [214, 
215]. 
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3. Results and discussion 
3.1 Linear Solvent Strength Theory (LSST) 
The chromatographic behaviour of columns is commonly assessed in terms of the 
linear solvent strength theory [216]. This provides the chromatographer with a better 
understanding of the types of interactions that are taking place on the surface of the 
column [216, 217]. The relationship between log k and solvent composition (φ) is 
usually linear in accordance with Equation (2.1) [29]: 
        (2.1) 
where k is the retention factor of a solute, kw is the extrapolated retention factor in 
pure water, S is a representation of the sites that can interact directly with the solute 
molecule and φ is the proportion of organic solvent in the isocratic mobile phase. The 
S value is used as a predictive measure of the ease of optimisation of separations via 
the construction of S vs. n plots where n is the number of repeating units in a 
homologue [217, 218]. Linearity in these relationships should be observed across all 
members of the homologous series as hydrophobic contact surface area increases in a 
consistent manner with the addition of each subsequent repeating unit [219].  
3.2 Methylene selectivity 
Methylene selectivity is a measure of hydrophobic selectivity of the HPLC column 
[220]. Hydrophobic interactions are often the primary contribution to retention on 
reversed phase columns, making it an important measure to understand the retention 
processes taking place on a column [221]. The methylene selectivity was measured 
with a homologous series of n-alkylbenzenes with linear carbon chains between 0 
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and 8 atoms. The systematic increase in CH2 units to the tail of each alkylbenzene 
should result in a corresponding increase in retention according to the LSST.  
Plots of log k vs. ϕ were constructed from the retention factors of each 
n-alkylbenzene for each column with both acetonitrile and methanol mobile phases. 
The S values were derived from the log k vs. φ plots for the n-alkylbenzenes (Table 
2.1) and plotted against the substituent alkyl chain length (n). 
3.2.1  Mixed mode monolith 
Plots of log k vs. ϕ of the n-alkylbenzenes for the mixed mode monolith are shown 
in Figure 2.1a (methanol) and Figure 2.1b (acetonitrile). These plots display 
outstanding linearity with correlation coefficients above 0.9991 for methanol and 
above 0.9980 for acetonitrile. The S vs. substituent alkyl chain length (n) plots are 
illustrated in Figure 2.1c (methanol) and Figure 2.1d (acetonitrile). 
3.2.2  Phenyl monolith 
Plots of log k vs. ϕ of the n-alkylbenzenes for the phenyl monolith are illustrated in 
Figure 2.2a (methanol) and Figure 2.2b (acetonitrile). These plots show excellent 
linearity with correlation coefficients above 0.9988 for methanol and above 0.9955 
for acetonitrile. The S vs. n plots are presented in Figure 2.2c (methanol) and Figure 
2.2d (acetonitrile). 
3.2.3  Cyano monolith 
Plots of log k vs. ϕ of the n-alkylbenzenes for the cyano monolith are shown in 
Figure 2.3a (methanol) and Figure 2.3b (acetonitrile). As with the mixed mode and 
phenyl columns, these plots also demonstrate a good degree of linearity with 
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correlation coefficients above 0.9977 for methanol and above 0.9955 for acetonitrile. 
The S vs. n plots are illustrated in Figure 2.3c (methanol) and Figure 2.3d 
(acetonitrile). 
The S vs. n plots represent the methylene selectivity across all mobile phase 
compositions, and across the three columns tested these plots show a similar trend of 
a linear increase of S as the alkyl chains increase, which fits with the linear solvent 
strength theory [216]. This suggests that these columns have a very good degree of 
hydrophobic selectivity and can separate analytes that have very little difference in 
their hydrophobic characteristics.  
Table 2.1: S values for n-alkylbenzenes on the three columns tested in both 
acetonitrile (ACN) and methanol (MeOH) solvent systems. 
n-Alkylbenzenes 
Mixed 
Mode 
MeOH 
Mixed 
Mode 
ACN 
Cyano 
MeOH 
Cyano 
ACN 
Phenyl 
MeOH 
Phenyl 
ACN 
Benzene 1.93 1.12 2.44 2.26 2.50 2.28 
Toluene 2.31 1.60 2.77 2.56 2.88 2.55 
Ethylbenzene 2.75 2.11 3.22 2.92 3.27 2.84 
Propylbenzene 3.17 2.67 3.67 3.22 3.72 3.15 
Butylbenzene 3.71 3.33 4.13 3.57 4.17 3.45 
Pentylbenzene 4.26 4.03 4.63 3.93 4.64 3.75 
Hexylbenzene 4.82 4.82 5.16 4.36 5.12 4.04 
Heptylbenzene 5.42 5.48 5.69 4.70 5.63 4.34 
Octylbenzene 6.13 6.30 6.29 5.04 6.13 4.62 
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Figure 2.1: Log k vs. φ at 30 °C for n-alkylbenzenes in (a) methanol solvent system (R2 > 0.9991) and (b) acetonitrile solvent system (R2 > 0.9980) on 
the mixed mode monolith. Plots of S vs. tail length () for the n-alkylbenzenes in (c) methanol solvent system and (d) acetonitrile solvent system. 
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Figure 2.2: Log k vs. φ at 30 °C for n-alkylbenzenes in (a) methanol solvent system (R2 > 0.9988) and (b) acetonitrile solvent system (R2 > 0.9955) on 
the phenyl monolith. Plots of S vs. tail length () for the n-alkylbenzenes in (c) methanol solvent system and (d) acetonitrile solvent system. 
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Figure 2.3: Log k vs. φ at 30 °C for n-alkylbenzenes in (a) methanol solvent system (R2 > 0.9977) and (b) acetonitrile solvent system (R2 > 0.9955) on 
the cyano monolith. Plots of S vs. tail length () for the n-alkylbenzenes in (c) methanol solvent system and (d) acetonitrile solvent system. 
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3.3 Aromatic selectivity 
Stationary phases containing π-electrons, such as phenyl and cyano, can undergo 
π-π interactions with aromatic analytes, offering a different form of selectivity to 
alkyl-bonded phases [206]. Aromatic selectivity is a measure of the ability to 
separate compounds based on their aromatic structures. The aromatic selectivity was 
measured with a homologous series of linear PAHs with the number of benzene rings 
between 1 and 5. The systematic increase in the number of conjugated π-electrons in 
the linear PAHs should result in a corresponding increase in retention according to 
the LSST [216].  
Plots of log k vs. φ were constructed for the retention of each PAH in both aqueous 
acetonitrile and methanol mobile phases for each column. The S values were derived 
from the log k vs. φ plots for the PAHs and are displayed in Table 2.2 and plotted 
against the number of repeating aromatics rings (nrings). 
3.3.1  Mixed mode monolith 
Plots of log k vs. φ of the PAH homologues are illustrated in Figure 2.4a 
(methanol) and Figure 2.4b (acetonitrile). These plots display a high degree of 
linearity with correlation coefficients above 0.9985 for methanol and above 0.9920 
for acetonitrile.  
Notwithstanding the excellent degree of linearity seen in the log k vs. φ plots, it 
was observed that the plots of anthracene and 2,3-benzanthracene begin to converge 
as the concentration of acetonitrile increased. An intersection of these lines indicates 
a loss of resolution or co-elution of the analytes and is predicted to occur at 35% 
acetonitrile. 
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Plots of S vs. the number of repeating aromatics rings (nrings) are illustrated in 
Figure 2.4c (methanol) and Figure 2.4d (acetonitrile). The S vs. nrings plots for both 
the methanol and acetonitrile solvent systems show a slight discontinuity between 
anthracene and 2,3-benznathracene. Nevertheless, a very good degree of linearity 
was achieved despite the convergence of the anthracene and 2,3-benzanthracene lines 
on the log k vs. φ plot in the acetonitrile system. 
3.3.2  Phenyl monolith 
Plots of log k vs. φ of the PAH homologues are shown in Figure 2.5a (methanol) 
and Figure 2.5b (acetonitrile). These plots display very good linearity with 
correlation coefficients above 0.9954 for methanol and above 0.9928 for acetonitrile. 
Interestingly, in the methanol solvent system, the S vs. n plot (Figure 2.5d) shows a 
deviation from linearity for the value for 2,3-benzanthracene despite the elution order 
of the PAH analytes remaining intact, however, this is consistent with works 
completed elsewhere [188, 218, 219, 222]. In the acetonitrile solvent system the 
elution order of anthracene and 2,3-benzanthracene has actually reversed, giving the 
resulting S vs. n plot (Figure 2.5c) a distinct ‘dog-leg’ shape between these two 
analytes.  
3.3.3  Cyano monolith 
Plots of log k vs. φ of the PAH homologues are illustrated in Figure 2.6a 
(methanol) and Figure 2.6b (acetonitrile). These plots display a high degree of 
linearity with correlation coefficients above 0.9960 for methanol and above 0.9931 
for acetonitrile. The methanol solvent system for the PAH series yielded similar 
results to the phenyl column, with the PAHs eluting in the expected order, but there 
was some discontinuity in the S vs. n plot (Figure 2.6d) due to the S value of 
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2,3-benzanthracene. As with the phenyl column, the elution of anthracene and 
2,3-benzanthracene was reversed in the acetonitrile system and as a result the S vs. n 
plot (Figure 2.6c) has the distinctive ‘dog-leg’ shape. 
 
Table 2.2: S values for PAHs on the three columns tested in both acetonitrile 
and methanol solvent systems. 
Linear PAHs 
Mixed 
Mode 
MeOH 
Mixed 
Mode 
ACN 
Cyano 
MeOH 
Cyano 
ACN 
Phenyl 
MeOH 
Phenyl 
ACN 
Benzene 2.03 1.16 2.44 2.17 2.50 2.33 
Naphthalene 2.97 2.59 3.34 3.10 3.35 3.30 
Anthracene 4.20 4.27 4.28 4.06 4.23 4.20 
2,3-Benzanthracene 4.96 5.34 4.62 3.93 4.42 4.12 
Pentacene 6.36 7.19 5.70 4.85 5.70 4.99 
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Figure 2.4: Log k vs. φ at 30 °C for the PAHs in (a) methanol solvent system (R2 > 0.9985) and (b) acetonitrile solvent system (R2 > 0.9920) on the 
mixed mode monolith. Plots of S vs. number of rings (nrings) for the PAHs in (c) methanol solvent system and (d) acetonitrile solvent system. 
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Figure 2.5: Log k vs. φ at 30 °C for the PAHs in (a) methanol solvent system (R2 > 0.9954) and (b) acetonitrile solvent system (R2 > 0.9928) on the 
phenyl monolith. Plots of S vs. number of rings (nrings) for the PAHs in (c) methanol solvent system and (d) acetonitrile solvent system. 
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Figure 2.6: Log k vs. φ at 30 °C for the PAHs in (a) methanol solvent system (R2 > 0.9960) and (b) acetonitrile solvent system (R2 > 0.9931) on the 
cyano monolith. Plots of S vs. number of rings (nrings) for the PAHs in (c) methanol solvent system and (d) acetonitrile solvent system.
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3.4 S value correlation 
The S values obtained for the mixed mode monolith were compared to those of the 
monolith columns that were functionalised separately with cyano and phenyl ligands 
(Table 2.1 for n-alkylbenzenes and Table 2.2 for PAHs). 
Correlation plots of the S coefficients were constructed for the n-alkylbenzene and 
PAH to compare the retention characteristics of the mixed mode, cyano and phenyl 
monoliths. A selection of these plots is shown in Figure 2.7a-d. The n-alkylbenzene 
homologues show a similar trend in retention for the phenyl monolith and the cyano 
monolith using acetonitrile as the organic modifier, as evinced by the strong 
correlation of the S values seen in Figure 2.7a. A similar degree of correlation was 
seen when comparing these two columns with an aqueous methanol mobile phase 
(Figure 2.7b). The high degree of correlation suggests that the different π-type 
bonding afforded by the phenyl and cyano ligands was not fully exploited by the 
n-alkylbenzene homologues. This was demonstrated on the mixed mode column 
(Figure 2.1c and 2.1d), where the selectivity was very similar to the individual 
phenyl and cyano columns. This occurs as the retention of the n-alkylbenzenes 
change due to the changing tail length, which does not undergo π-type bonding, but 
rather hydrophobic interactions with the stationary phase.  
Correlation plots for the S values of the PAH homologues highlight the different 
interactions afforded by the different π-type selectivities of the mixed mode column 
compared to those that contained the individual cyano or phenyl ligands. Figure 2.7c 
shows a correlation plot of the S values measured on the individual cyano and phenyl 
columns using a methanol solvent system. It can be seen that in both the individual 
cyano and phenyl phases, the three ring and four ring PAH members (anthracene and 
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2,3-benzanthracene, respectively) have very similar S values that led to a 
discontinuous relationship between S and n. 
This discontinuity has an important impact on the optimisation process. When the 
relationship between S and n does not have a monotonic increase the retention 
behaviour of the molecules is unpredictable [219]. This may lead to a loss of 
resolution, co-elution or even a change in the elution order, with larger molecules 
exiting the column before the smaller ones. A reversal of the elution order is 
demonstrated in the correlation plot of the PAH S values measured on the individual 
cyano and phenyl columns using the acetonitrile solvent system (Figure 2.7d) with 
2,3-benzanthracene (4 rings) exiting the column before anthracene (3 rings). This 
discontinuity makes optimisation much more difficult for complex separation 
problems where the analytes are unrelated. 
This trend in discontinuity has been observed before in the work of Soliven et al. 
[188], Kayillo et al. [218, 222] and Stevenson et al. [223] on cyano, phenyl-type and 
C18 phases, respectively. The trend has also previously been observed in both 
methanol and acetonitrile mobile phases [224]. The cause of the discontinuity is still 
under investigation, however it is most likely related to the physical aspects of the 
solute retention on the stationary phase. 
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Figure 2.7: Correlation plot of S (phenol MeOH) vs. S (cyano MeOH) for n-alkylbenzene homologues in (a) methanol solvent system and (b) 
acetonitrile solvent system. Correlation plot of S (phenyl MeOH) vs. S (cyano MeOH) for PAH homologues in (c) methanol solvent system and (d) 
acetonitrile solvent system. 
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Two important physical characteristics that have shown to affect aromatic 
selectivity of PAHs are ligand density [219] and ligand spacer chain length [223]. 
Stevenson et al. [219] proposed that at higher ligand densities, it becomes more 
difficult for the stationary phase to undergo re-ordering to allow larger molecules to 
penetrate. Consequently, only the outer surface of the bonded phase is available for 
solute interactions, resulting in a change in retention behaviour and also the S 
coefficient. Rafferty et al. [225] also suggested that in stationary phases with high 
ligand densities, the solvent is effectively excluded from the bonded phase, limiting 
the interactions between the solute and the bonded ligands. Measurement of the 
ligand density may confirm this postulation regarding the observed discontinuity 
[219]. However, as the determination is destructive to the monolith and further 
experimental work was required from these columns, this will be discussed further in 
chapter 3. 
The retention of the larger PAH molecules may also be affected by the spacer 
chain that binds the ligand to the stationary phase media [223]. If the chain is short, 
this restricts the flexibility of the ligand which can prevent the PAH molecules with a 
larger number of rings from moving in the space between them [223]. Unlike 
n-alkylbenzenes, which have a tail that is free to rotate around the single C–C bond, 
the linear PAHs are rigid and if the space between the stationary phase ligands 
cannot accommodate the PAH molecule, this forces a change in the retention 
mechanism of the solute, resulting in the observed discontinuity.  
Whilst a severe degree of discontinuity (and also a reversal of elution order) was 
seen with the PAH homologues on the individual cyano and phenyl columns, only a 
small divergence from linearity (with 2,3-benzanthracene) was observed on the 
mixed mode column (Figure 2.4c and 2.4d). This suggests that the different π-type 
bonding interactions that the cyano and phenyl ligands provide were both fully 
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exploited by the larger more conjugated PAH molecules. Combining these two 
ligands on the one column support demonstrated that both of their retention 
properties are important in separating compounds according to their aromatic 
structure without a loss of resolution. 
3.5 Organic modifiers 
Two different solvent systems were employed in this study to assess the effect that 
organic modifiers had on the interactions between solutes and stationary phases. 
Acetonitrile proved to be a much stronger eluent than methanol, which is illustrated 
in the log k vs. ϕ plots for both sets of homologues for all three columns. This was a 
direct result of acetonitrile containing π-electrons in the nitrile group, which enabled 
it to competitively bind to the stationary phase or the solutes that also contain 
π-electrons. This in turn inhibited interactions between the solutes and the bonding 
sites on the column bed. Inhibition of these interactions between the solute and 
stationary phase can cause unpredictable retention behaviour of the solutes such as 
the reversal of elution order demonstrated in Figure 2.7d. As mentioned previously, 
unpredictable retention of molecules can make optimisation of complex separations 
difficult. Interference with π-π bonding has been previously reported for phenyl [224, 
226] and cyano [227, 228] stationary phases. 
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4. Conclusions 
A mixed mode – cyano and phenyl – silica based monolith was successfully 
functionalised and selectivity tests with two different solvent systems were 
performed. The mixed mode monolith demonstrated excellent methylene and 
aromatic selectivity, with a high degree of linearity for the plots of S vs. n 
(n = member of the series) in both methanol and acetonitrile solvent systems in 
accordance with the linear solvent strength theory. The individual cyano and phenyl 
monolith columns displayed excellent methylene selectivity, however discontinuity 
was seen in the S vs. n(rings) plots. This had been observed before on cyano, phenyl 
and C18 phases and is likely due to the physical characteristics of the stationary 
phase, in particular the ligand spacer chain length and the ligand density. 
Comparison of the selectivity of the individual cyano and phenyl columns to the 
mixed mode column illustrated that larger, more conjugated PAH molecules were 
able to exploit both of the π-type selectivities afforded by the two different ligands 
on the mixed mode column. Additionally, the use of acetonitrile as the organic 
modifier was shown to act as a stronger eluent, as evinced especially in the reversal 
of elution order of the 3 and 4 ring PAHs on the cyano and phenyl columns, due to 
its ability to reduce the π-π interactions occurring between the solute and the 
stationary phase. The findings of this chapter have resulted in a recent publication 
[229]. 
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CHAPTER THREE 
Probing the surface coverage of a mixed mode 
monolithic column using multi-location peak 
parking 
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1. Introduction 
Since the first paper describing the application of porous silica rods for high 
performance liquid chromatography (HPLC) was published by Tanaka et al. in 1996 
[154], the number of publications detailing the use of silica monoliths has grown 
exponentially, especially with the introduction of the first C18 monolith on the market 
by Merck in the early 2000s [13]. Despite the advantages that analytical silica 
monolithic columns offer, only three different selectivities are commercially 
available - bare silica, C8 and C18. The limitation of phases is a major drawback to 
separation scientists and as the preparation of column technology is heavily protected 
by a number of patents [179-182], attempts to synthesise silica monoliths comparable 
in performance to those commercially available has not yet been mastered by those 
external to the patent holders. This is because certain steps of the preparation process 
(i.e. the drying and cladding steps) are particularly difficult to control, resulting in 
voids or cracks in the rods [17, 177]. 
To overcome these limitations, researchers have used the silylation reaction to 
modify silica monoliths in-situ with the desired moiety [184-186, 189, 201]. 
However, in-situ modification procedures are not necessarily always reproducible 
[184] and the modified columns need to be tested for performance. While a number 
of different chromatographic tests can be used to test the column performance [11, 
156, 221, 230-232], an important property to test in relation to the performance of the 
column is the surface coverage of the bonded ligands [233-235]. To-date, the only 
test used to determine the uniformity of the ligand bonding density along the length 
of the in-situ modified silica monoliths is elemental analysis. Unfortunately, this test 
is destructive to the column bed and as such must be performed only after all 
chromatographic analysis using the column is completed [188]. 
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Ideally, the homogeneity of the stationary phase surface coverage should be 
measured after the in-situ modification procedure and using a technique that is not 
destructive to the column bed. One possible way to do this would be to use a peak 
parking technique whereby an analyte is allowed to disperse at selected locations 
along the stationary phase by halting the flow of mobile phase. Knox and McLaren 
first introduced this technique in 1964 [236] to measure the diffusion coefficient and 
obstructive factors in gas chromatography. Since then peak parking has been used to 
study the mass transfer kinetics in a number of gaseous [237-239] and liquid phase 
systems [240-246]. The experimental setup is relatively straightforward and involves 
injecting a sample band and letting it migrate to the approximate halfway point of the 
column before stopping the flow of the mobile phase. The band is allowed to diffuse 
for a specific amount of time and the flow is resumed. The peak width is measured 
and the resulting peak variance is due to axial molecular diffusion that has taken 
place while the peak was stagnant in the column [236]. 
In 2006, Gritti and Guiochon [247] used the peak parking technique on five C18 
particle packed columns with different carbon loadings and noted that a higher 
surface coverage led to slower axial diffusion. In 2011 [248], they extended this 
research by adopting a multi-location peak parking technique to measure the axial 
diffusion at different locations along the length of packed columns as a way of 
searching for possible axial heterogeneities within the column bed. They reported a 
number of systematic anomalies on different columns, but concluded that these were 
a result of the peak parking technique used and not due to heterogeneity in the 
column bed [248]. To overcome these anomalies, a second column was placed 
upstream and the peaks were parked on a column downstream. This dampened the 
pressure shock that propagates along the column, distorting the band profiles, when 
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the mobile phase is abruptly halted and then abruptly resumed during the peak 
parking experiments. 
This chapter investigates the development and assessment of a mixed-mode silica 
monolithic column that was modified in-situ with cyano and phenyl functionalities. 
The modification procedure was designed to bond the cyano and phenyl ligands with 
a density gradient along the length of the column. Multi-location peak parking 
experiments were performed as a non-destructive way to assess the surface coverage 
at five points along the column surface. The axial surface coverage of the 
mixed-mode monolith was compared with that of a commercial C18 monolith, which 
was assumed to have homogenous coverage. 
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2. Experimental 
2.1 Chemicals 
Deionised water was obtained in-house (Continental Water Systems, Victoria, 
Australia) and filtered through a 0.45 µm membrane filter (Sigma-Aldrich Pty Ltd, 
Castle Hill, NSW, Australia) prior to use. HPLC grade methanol (MeOH) was 
purchased from Ajax Finechem Pty. Ltd. (Taren Point, NSW, Australia); HPLC 
grade isopropanol and heptane were purchased from Merck Pty. Ltd. (Kilsyth, 
Victoria, Australia). Heptane was dried by reflux over sodium. Chloro-dimethyl 
3-cyanopropyl silane, chloro-dimethyl propyl phenyl silane and chloro-trimethyl 
silane were obtained from Gelest (USA). Thiourea was obtained from BDH 
Chemical Ltd. (Poole, England). Anisole, ethylbenzene, riboflavin and phosphorous 
pentoxide were purchased from Sigma-Aldrich (Castle Hill, NSW, Australia). 
2.2 Instrumentation 
2.2.1  Column efficiency 
Chromatographic analysis was performed with an Agilent 1260 system (Agilent 
Technologies, Mulgrave, Victoria, Australia), incorporating a quaternary pump with 
solvent degasser, an auto-sampler, a thermostated column compartment and a DAD 
module which monitored the absorbance at 225 nm, 237 nm and 260 nm. 
Chromatographic data were obtained and processed with Agilent ChemStation 
software. The temperature of the column was held isothermally at 25 °C and all 
injections were 2 µL. 
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2.2.2  Peak parking 
Chromatographic analysis was performed with an Agilent 1260 system (Agilent 
Technologies, Mulgrave, Victoria, Australia), incorporating a quaternary pump with 
solvent degasser, an auto-sampler, a thermostated column compartment and a DAD 
module that monitored the wavelength at 237 and 254 nm. The temperature of the 
column was thermostated at 25 °C. A 2 position, 4 port switching valve, configured 
according to Figure 3.1, was used to ‘close’ the system and maintain system pressure 
when the mobile phase flow was halted in these experiments. Chromatographic data 
were obtained and processed with Agilent ChemStation software. 
 
 
 
 
 
 
Figure 3.1: The 2 position, 4 port switching valve was in the ‘open’ 
configuration (a) when the mobile phase was flowing through the system and 
switched to the ‘closed’ configuration (b) when the mobile phase flow was 
halted to park the peaks on the column. The black port in the diagrams 
represents a port that has been blocked with a plug. 
2.3 Columns 
2.3.1  Column efficiency 
The mixed mode monolithic stationary phase was prepared according to the 
modification procedure outlined in chapter 2. For the serially linked columns, three 
columns with different carbon chain lengths were used to simulate a stationary phase 
gradient, these included: a Luna C5 (50 mm × 4.6 mm, 5 μm particle diameter, 100 Å 
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pore size, Phenomenex, Lane Cove, NSW Australia), Luna C8 (50 mm × 4.6 mm, 
5 μm particle diameter, 100 Å pore size, Phenomenex) and Luna C18 (50 mm × 
4.6 mm, 5 μm particle diameter, 100 Å pore size, Phenomenex). These columns were 
connected with Sure-Lok Couplers (Phenomenex), which consisted of a short piece 
(5 cm) of PEEK tubing (volume ≈ 2.5 μL) and 2 PEEK finger-tight fittings 
(Figure 3.2). 
 
Figure 3.2: Serial linked columns connected with Sure-Lok Couplers 
2.3.2  Peak parking 
The mixed mode monolithic stationary phase was prepared according to the 
modification procedure outlined in chapter 2.  An Onyx Monolithic C18 (100 mm × 
4.6 mm) was purchased from Phenomenex (Lane Cove, NSW Australia). 
2.4 Methodology 
2.4.1  Column efficiency 
2.4.1.1 Serially linked columns 
Efficiency tests were performed on serially linked columns using 3 different test 
compounds: thiourea, anisole and ethylbenzene with an isocratic mobile phase of 
70% aqueous methanol. Performance was measured at 16 different flow rates 
between 0.2 and 1.8 mL/min. The columns were configured according to Figure 3.3. 
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Figure 3.3: Serially linked column configurations used. 
 
2.4.1.2 Mixed mode monolith 
Efficiency tests were performed using 3 different test compounds: thiourea, anisole 
and ethylbenzene with an isocratic mobile phase of 40% aqueous methanol. 
Performance was measured at 22 different flow rates between 0.2 and 3 mL/min. The 
tests were completed in both the forward and reverse flow direction.  
2.4.2  Peak parking 
2.4.2.1 General overview 
Peaks were parked at five locations along the length of the column: 1, 3, 5, 7 and 
9 cm from the column inlet. As multiple thiourea samples were to be sequentially 
injected and parked on the column in one chromatographic run, the frequency of 
injection and the elution time to the parking locations needed to be determined. To 
do this, the following steps were carried out:  
1. The retention time of the selected compound was determined at either 
0.2 mL/min (thiourea) or 0.5 mL/min (riboflavin). 
2. The HPLC system dead time for the appropriate flow rate was recorded and 
subtracted from the retention time of the selected compound to find the 
corrected retention time. 
  

	

   
CHAPTER THREE 
 
53 
3. As there were five parking locations along the column, this divided the column 
into six sections (Figure 3.4). Therefore, the corrected retention time was 
divided by six to establish the wait time required between injections. 
4. To calculate the ‘stop’ time for when the flow was to be halted in order to 
commence the parking, the injection time determined in step 3 was multiplied 
by five (to represent the last parking location on the column). 
5. Finally the system dead time was added to the ‘stop’ time to account for the 
volume between the autosampler and the column inlet.    
 
Figure 3.4: Schematic of the different parking locations on the mixed mode 
monolith. In the forward flow direction, the 1 cm park location is near the 
column inlet and the 9 cm park location is at the column outlet. In the reverse 
flow direction, the 9 cm park location is near the column ‘inlet’ and the 1 cm 
park location is at the column ‘outlet’. 
 
Eight different values of residence times were used for each column: 0, 5, 10, 15, 
30, 60, 120 and 180 min. The parking experiments were performed in both the 
forward and reverse flow directions. 
2.4.2.2 Unretained compound (Thiourea) 
The peak parking experiments conducted with thiourea utilised a mobile phase of 
25% aqueous methanol at a flow rate of 0.2 mL/min. An injection program, outlined 
in Table 3.1 was used in order to inject and park five peaks along the column length 
in one chromatographic run, with the volume of each injection being 2 µL. 
Inlet Outlet
        
Forward flow direction
Reverse flow direction
InletOutlet
CHAPTER THREE 
 
54 
Table 3.1: HPLC injector program for injecting multiple peaks. 
Step Function Parameter 
1 Draw Draw 40 µL from sample vial  
2 Needle Move Needle into seat 
3 Valve Switch valve to ‘Bypass’ 
4 Eject Eject 2 µL into seat 
5 Repeat Repeat 5 times 
6 Valve Switch valve to “Main Start’  
7 Wait Wait 0.01 min 
8 Valve Switch valve to ‘Bypass’ 
9 Wait Wait 1.31 or 1.17 min* 
10 End Repeat End Repeat 
* Wait time of 1.31 min was for the mixed mode monolith and 
the wait time of 1.17 min was for the C18 monolith 
 
2.4.2.3 Retained compound (Riboflavin) 
The peak parking experiments were completed in hydrophilic interaction 
chromatography (HILIC) mode on the mixed mode monolith for the retained 
compound with an isocratic mobile phase of 98% aqueous acetonitrile and a flow 
rate of 0.5 mL/min. As the peak width of riboflavin was much broader after parking 
than that of thiourea, it was not possible to park peaks at multiple locations along the 
column in one chromatographic run without severe peak overlap. Instead, a single 
2 μL injection was performed and parked at each location (1, 3, 5, 7 and 9 cm) 
separately. This was completed for all residence times. 
2.4.3  Surface coverage 
The homogeneity of the surface coverage was determined by measuring the 
percentage of carbon (%C) of sequential column sections with the aid of elemental 
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analysis. The mixed mode monolith was cut into sections ~ 1.25 cm in length 
(8 sections in total) and the carbon load was measured for each section. The surface 
coverage of the modified monolith was calculated according to the Berendsen 
equation (Equation 3.1) [249]: 
    
 
      

 (3.1) 
 
where %C is the percentage carbon content, nc is the number of carbon atoms per 
ligand (in this case nc was equal to the number of carbons in all bonded ligands), Mw 
is the molar mass of the silane ligand (i.e. propyl phenyl, cyano and methyl), nx is the 
number of reactive groups on the silane ligand(s) and SBET is the specific surface area 
of the unmodified silica (according to the manufacturer the SBET for this column, 
prior to modification, was 300 m2/g). The ligand density is measured in μmol/m2. 
It was impossible to measure the density for the individual ligands, i.e. propyl 
phenyl, cyano and methyl end-capping agents, as these are mixed during the bonding 
process. For traditional particle packed columns, samples of bonded silica can be 
collected at each synthesis step, however this cannot be done with a monolith as 
characterisation involves the destruction of the column. Therefore the %C measured 
represents the total carbon of the bonded phenyl ligand, cyano ligand and the end-
capping agent. 
In this work, the ligand density was measured at CMAS Chemical and 
Microanalytical Services Pty. Ltd. (Highton, Victoria, Australia). Prior to analysis, 
the column was washed with pure MeOH for 25 minutes at a flow rate of 4 mL/min. 
The end fittings were removed from the column, and the column was carefully cut 
into ~1.25 cm sections resulting in 8 samples. The silica rod sections were expressed 
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from the PEEK tubing and dried in an oven at 50 °C for 16 hours and then vacuum 
dried over P4O10 until a constant mass was reached.  
2.5 Data analysis 
Measurements for reduced plate heights; plate numbers and peak variances were 
performed with Wolfram Mathematica 9 (distributed by Hearn Scientific, South 
Yarra, Victoria, Australia) using algorithms written in-house. Plate counts were 
determined using the second peak moment (variance) method, i.e., N = (tr2/σ2), 
where N is the number of theoretical plates, tr is the retention time, and σ is the 
standard deviation.  
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3. Results and discussion 
3.1 Gradient stationary phase 
Analysts are always seeking to maximise the peak resolution of a separation within 
the shortest possible analysis time. This is commonly achieved by using mobile 
phase gradients, however columns packed with stationary phases having a 
composition gradient may also provide an increased peak resolution in liquid 
chromatography. In a recent publication, Gritti and Guiochon [202] discussed the 
concept and potential advantages of gradient stationary phases that assumed a linear 
increase in retention factor along the column by evaluating the resolution between a 
pair of compounds that were difficult to separate from a theoretical viewpoint.  
They predicted the peak width under 3 different conditions: (1) possible band 
compression is neglected (Giddings model) [250], (2) band compression is taken into 
account (Poppe model) [251] and (3) both band compression and extra-column 
effects are considered. It was found that when band compression due to a positive 
differential between the front and rear parts of the peak is taken into account (the 
Poppe model), gradient stationary phases could be as effective as classical mobile 
phase gradients. 
However, these results are purely from a theoretical viewpoint and have yet to be 
confirmed via laboratory experiment. The authors proposed that the simplest way to 
test this theory would be to prepare a silica monolithic column with a gradient of 
bonded ligand density along its length and assess the gradient of retention factors. 
Based on this suggestion, a silica monolithic column with a bonded ligand density 
gradient was designed, modified and then characterised in our research labs. To the 
best of my knowledge, this is the first example of an analytical scale silica monolith 
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with the density of the bonded ligands applied in a gradient fashion along the axial 
length of the column. 
3.2 Column efficiency 
3.2.1  Serially linked columns 
To assess the feasibility of generating a gradient along the stationary phase, short 
(5 cm) particle packed columns bonded with different length alkyl chains were 
serially linked. By using a series of short columns with different phases, this allowed 
for a number of different gradient types to be simulated. By connecting the columns 
in the order of ‘C18-C8-C5’ as depicted in Figure 3.3a, this created a separation 
environment that started with an area of strong retention moving into an area with 
weaker retention. Configuring the columns in the reverse order ‘C5-C8-C18’ 
(Figure 3.3b), created a gradient that went from an environment that was less 
retentive to one that was more retentive. 
Column efficiency tests were performed on these two configurations using an 
unretained analyte (thiourea) and 2 that were retained (anisole and ethylbenzene). 
The resulting van Deemter plot for ethylbenzene is displayed in Figure 3.5. 
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Figure 3.5: HETP curve using ethylbenzene with the columns configured in the 
order ‘C18-C8-C5’ (blue) and ‘C5-C8-C18’ (red). 
 
The column configuration of ‘C5-C8-C18’ gave a much-improved efficiency, with 
a 19% increase in the number of theoretical plates (75805 N/m) when compared to 
the ‘C18-C8-C5’ configuration (63788 N/m). These results suggest that an ideal 
stationary phase gradient would be less retentive at the column inlet and more 
retentive at the column outlet to improve the efficiency of the separation.    
3.2.2  Mixed mode monolith column 
Based on the results observed with the serial linked columns, it is clear that a 
gradient stationary phase was achievable. Therefore, a mixed mode monolith column 
with a gradient along the length of the stationary phase was designed and produced 
in-house at the University of Western Sydney following the in-situ modification 
procedure outlined in Chapter 2.  
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To test the hypothesis that the ligand density had been bonded as a gradient along 
the length of the column, the column efficiency was measured. This was done using 
an unretained analyte (thiourea) and 2 that were retained (anisole and ethylbenzene). 
The performance of the column was measured in both the forward flow direction – 
from the column inlet to the outlet – and in the reverse flow direction – from the 
outlet to the inlet. The resulting van Deemter plot for ethylbenzene is displayed in 
Figure 3.6. 
 
Figure 3.6: HETP curve using ethylbenzene in the forward flow direction 
(blue) and the reverse flow direction (red). 
 
As anticipated, the efficiency improved in the reverse flow direction, with a 15% 
increase in the number of theoretical plates (74835 N/m) when compared to the 
efficiency in the forward flow direction (65222 N/m). Similar results were seen for 
anisole and thiourea. This increased efficiency is a result of band compression. When 
operated in the reverse flow direction, the bonded ligand density will be low at the 
column outlet and higher at the column inlet (Figure 3.7). 
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Figure 3.7: Schematic of the predicted ligand bonding density along the length 
of the column. In the forward flow direction, the column inlet has a higher 
ligand bonding density than the column outlet. In the reverse flow direction, the 
flow moves from a low ligand bonding density to a high ligand bonding density.  
 
As the peak band migrates along the column length, the front of the band profile 
encounters an area of higher ligand density and it begins to slow (more retained) 
which allows the rear part of the band profile to move faster. This results in a 
compressed band profile, which in turn gives a lower reduced plate height resulting 
in a more efficient separation. Compression of the ethylbenzene peak band, 
particularly the front section of the profile, is illustrated in Figure 3.8. 
Figure 3.8: Normalised ethylbenzene peak profile in both the forward flow 
direction (blue) and the reverse flow direction (red).  
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3.3 Peak parking 
While preliminary investigations into the column efficiency suggested that the 
ligand density along the surface of the column was bonded in a gradient fashion, 
further testing was needed to confirm this theory. As mentioned previously, 
characterisation of the surface coverage density of monolithic columns is commonly 
done using techniques that are destructive to the column, which is why to-date there 
is only a small number of publications that describe the characterisation of surface 
coverage density of monolithic phases [184-186, 188, 201]. 
A non-destructive technique is required to determine the surface coverage of 
modified monolithic columns, particularly those modified in-situ, if these columns 
are to be used long term, as modification procedures tend to not always be highly 
reproducible [184] and the modification procedure is not cost effective if the result is 
a limited use column.  
Gritti and Guiochon [247] used a peak parking technique to measure the axial 
diffusion, an important kinetic property of HPLC columns. They tested 5 C18 
columns with different carbon loadings and noted that a higher surface coverage led 
to slower axial diffusion of the parked peaks. Using this concept and the 
multi-location peak parking technique described by Gritti and Guiochon [248], an 
experiment was designed to measure the degree of axial diffusion at 5 locations 
along the length of the mixed mode monolith. If the bonding density had been 
applied to the column surface as a gradient, a difference in the degree of axial 
diffusion should be seen. Multi-location peak parking was also completed on a 
commercial C18 monolith, which manufacturers claim to have homogenous surface 
coverage, to compare to the mixed mode monolith. 
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3.3.1  Unretained compound (Thiourea) 
Preliminary experiments were performed to evaluate the peak parking 
methodology. This involved parking a single thiourea peak for a number of residence 
times at approximately halfway along the length of the column. The resulting 
chromatogram is illustrated in Figure 3.9. 
 
Figure 3.9: Thiourea band profiles recorded on the ‘open’ system after various 
residence times (0, 5, 10, 15, 30, 60, 120 and 180 min) in the central zone of the 
chromatographic bed. Note the decreasing retention time of the peak as the 
residence times increase starting at 30 min.  
 
 It can be seen that as the residence time increased, the retention time of the parked 
peak noticeably shifted. It was surmised that despite the flow of the mobile phase 
been halted, there was a slow siphoning effect through the system during the parking 
time resulting in the entire thiourea band diffusing along the column. To counteract 
this, the system was ‘closed’ via a switching valve with a blocked port (Figure 3.1). 
Immediately prior to the mobile phase been stopped, the mobile phase flow was 
switched to the blocked port on the valve in order to maintain pressure in the system. 
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This approach provided stable retention times across the residence times (Figure 
3.10). 
 
Figure 3.10: Thiourea band profiles recorded on the ‘closed’ system after 
various residence times (0, 5, 10, 15, 30 min) in the central zone of the 
chromatographic bed. The retention time remains stable through to 30 min 
residence time when the shift in retention time was first notable in the ‘open’ 
system. 
 
After it was determined that the peak parking procedure was reproducible, a 
multi-location parking procedure was designed to assess 5 different sections (1, 3, 5, 
7 and 9 cm from the column inlet) simultaneously along the column length in one 
chromatographic run. Notwithstanding careful consideration in designing the 
injection program to park the peaks at the 5 designated locations, I cannot be 
absolutely certain that the peaks are parked in these exact locations. The procedure 
outlined in section 2.4.2.1 to determine the elution time to the park locations 
assumed that the bonding density gradient played no role in affecting the corrected 
retention time and this retention time was a result of normal migration behaviour 
along the column. Despite not being able to confirm the exact park locations of 1, 3, 
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5, 7 and 9 cm, I am confident that the multi-location peak parking procedure resulted 
in parking locations that represent distinct sections along the column length. 
 Multi-location parking experiments were completed on the mixed mode monolith 
in both the forward and reverse flow direction. The overlay in Figure 3.11 shows that 
retention remained consistent and as the residence times increased, greater diffusion 
of the bands was observed.  
 
Figure 3.11: Overlay of the 5 thiourea bands parked at 5 locations (1, 3, 5, 7 
and 9 cm) on the chromatographic bed for various residence times (0, 5, 10, 15, 
30, 60, 120 and 180 min). This overlay is for the parking experiments 
completed in the forward flow direction on the mixed mode monolith. 
 
The variance was calculated for each peak over the 8 residence times using an 
algorithm written in-house. The measured variances for select residence times (in the 
forward flow direction) are displayed in Figure 3.12. The graphs show a distinct 
trend of increasing variance as the peak is parked further away from the column inlet. 
This was in fact observed for all residence times tested, and the overall variance 
between peaks increased with increasing residence time. This is a strong indication 
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that there may be a bonding density gradient along the column surface, as the peaks 
are axially diffusing at different rates in the various park locations. The results also 
support the hypothesis that there is a higher bonding density at the inlet of the 
column (1 cm) than at the column outlet, with less variance seen in the 1 cm position 
when compared to the 9 cm position. 
 
Figure 3.12: Calculated variance (min2) for the 5 park locations (1, 3, 5, 7 and 
9 cm) for the residence times a) 0 min, b) 10 min, c) 30 min and d) 180 min in 
the forward flow direction on the mixed mode monolith. 
  
Parking experiments were also completed on the column in the reverse flow 
direction. In this direction, the 9 cm park position is now the column inlet and the 
1 cm park position is the column outlet (Figure 3.4).  
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Figure 3.13: Calculated variance (min2) for the 5 park locations (1, 3, 5, 7 and 
9 cm) for the residence times a) 0 min, b) 10 min, c) 30 min and d) 180 min in 
the reverse flow direction on the mixed mode monolith. 
 
As expected, there is a larger measured variance at the 9 cm park position when 
compared to the 1 cm park position (Figure 3.13). This trend is again seen across all 
residence times. It is interesting to note that in the reverse flow direction, the 
difference between the lowest and highest measured variance for each park location 
is smaller than that measured in the forward flow direction (Table 3.2). This may be 
due to the effect of compression on the band profile that was seen in the column 
efficiency tests on this column. 
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Table 3.2: Difference between the lowest and highest measured variance for 
each parking location on the mixed mode monolith in both the forward and 
reverse flow directions using thiourea as the test analyte. 
Parking Location 
(cm) 
Forward Flow 
Direction 
Reverse Flow 
Direction 
1 0.0820 0.0782 
3 0.0842 0.0834 
5 0.0844 0.0840 
7 0.0845 0.0843 
9 0.0848 0.0857 
 
Multi-location peak parking experiments were also conducted on a commercial C18 
monolith in both the forward and reverse flow directions to determine the axial 
diffusion at different locations along the column length (Figure 3.14). It was 
expected that the axial diffusion would be similar at the five park locations as these 
monoliths are designed and manufactured in such a way that the bonding density 
along the column should be homogenous [17, 175]. Soliven et al. [188] recently 
assessed the axial homogeneity with respect to carbon load of 2 commercial C18 
monoliths via elemental analysis, and found that the carbon load was uniform across 
the entire axial length of the columns. 
CHAPTER THREE 
 
69 
 
Figure 3.14: Overlay of the 5 thiourea bands parked at 5 locations (1, 3, 5, 7 
and 9 cm) on the chromatographic bed for various residence times (0, 5, 10, 15, 
30, 60, 120 and 180 min). This overlay is for the parking experiments 
completed in the ‘forward’ flow direction on the C18 monolith. 
 
The variance was calculated for each peak over the 8 residence times and select 
residence times (in the forward flow direction) are displayed in Figure 3.15. The 
results of the parking experiments on the C18 monolith suggest a uniform surface 
coverage along the entire length of the column, with only very slight differences 
observed in the measured variances at the different parking locations. These results 
are supported by the findings reported by Soliven et al. [188] with regards to a 
homogeneous surface coverage of C18 monoliths determined by elemental analysis.  
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Figure 3.15: Calculated variance (min2) for the 5 park locations (1, 3, 5, 7 and 
9 cm) for the residence times a) 0 min, b) 10 min, c) 30 min and d) 180 min in 
the forward flow direction on the C18 monolith. (It should be noted that these 
plots have the same range on the Y-axis as the variance plots for the mixed 
mode column in Figure 3.12.) 
 
Parking experiments were also completed on the C18 monolith in the reverse flow 
direction (Figure 3.16) and the results further indicated uniform surface coverage. 
The degree of variance recorded at each residence time matched well between the 
forward and reverse flow directions and the difference between the lowest and 
highest measured variance was very similar for each park location (Table 3.3), 
further supporting uniform surface coverage on the C18 monolith. 
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Figure 3.16: Calculated variance (min2) for the 5 park locations (1, 3, 5, 7 and 
9 cm) for the residence times a) 0 min, b) 10 min, c) 30 min and d) 180 min in 
the reverse flow direction on the C18 monolith. (It should be noted that these 
plots have the same range on the Y-axis as the variance plots for the mixed 
mode column in Figure 3.13.) 
 
Table 3.3: Difference between the lowest and highest measured variance for 
each parking location on the C18 monolith in both the forward and reverse flow 
directions using thiourea as the test analyte. 
Parking Location 
(cm) 
Forward Flow 
Direction 
Reverse Flow 
Direction 
1 0.0726 0.0721 
3 0.0726 0.0721 
5 0.0726 0.0722 
7 0.0726 0.0722 
9 0.0726 0.0722 
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3.3.2  Retained compound (Riboflavin) 
The multi-location peak parking experiments were also completed on the mixed 
mode column using a retained compound to see if the results obtained for the 
unretained compound could be replicated. Ideally, a compound with a retention 
factor between 3 and 5 was needed to ensure there was sufficient interaction with the 
stationary phase. After extensive testing using a variety of compounds and mobile 
phase compositions, no analyte was found to give an adequate retention factor and 
maintain a suitable peak shape in reversed phase mode. 
The cyano ligand can be used in the hydrophilic interaction chromatography 
(HILIC) mode thus a small number of compounds were tested by injecting into an 
isocratic mobile phase of 98% aqueous acetonitrile. Riboflavin was found to have 
adequate retention factor (k’ = 3.44) whilst maintaining an ideal Gaussian peak 
shape. However, the peak width was quite broad and that prevented parking multiple 
peaks at the different locations along the column in one chromatographic run without 
substantial overlap of the peak profiles. As such, a single peak was parked at the 
different locations in individual chromatographic runs. This was completed in both 
the forward and reverse flow direction for all residence times.  
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Figure 3.17: Calculated variance (min2) for the 5 park locations (1, 3, 5, 7 and 
9 cm) for the residence times a) 0 min, b) 10 min, c) 30 min and d) 180 min in 
the forward flow direction on the mixed mode monolith using riboflavin. 
 
The measured variances for select residence times are displayed in Figure 3.17. It 
can be clearly seen that there is a smaller variance measured at the column inlet 
(1 cm) than at the column outlet (9 cm). These results match well with those obtained 
for the peak parking experiments completed with thiourea on this column in the 
forward flow direction. 
In the reverse flow direction (Figure 3.18) there is a larger measured variance at 
the 9 cm park position when compared to the 1 cm park position. This trend is again 
seen across all residence times and matches the results for the parking experiments 
completed in this flow direction with thiourea. 
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Figure 3.18: Calculated variance (min2) for the 5 park locations (1, 3, 5, 7 and 
9 cm) for the residence times a) 0 min, b) 10 min, c) 30 min and d) 180 min in 
the reverse flow direction on the mixed mode monolith using riboflavin. 
 
Again, when comparing the difference between the lowest and highest measured 
variance for each park location, there is less variance in the reverse flow direction 
than in the forward flow direction (Table 3.4). This is similar to what was observed 
for the thiourea parking experiments and again adds support to the hypothesis that 
compression of the band profile is taking place when the column is operated in the 
reverse flow direction. 
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Table 3.4: Difference between the lowest and highest measured variance for 
each parking location on the mixed mode monolith in both the forward and 
reverse flow directions using riboflavin as the test analyte. 
Parking Location 
(cm) 
Forward Flow 
Direction 
Reverse Flow 
Direction 
1 0.0208 0.0207 
3 0.0219 0.0215 
5 0.0233 0.0223 
7 0.0244 0.0231 
9 0.0254 0.0239 
 
3.4 Surface coverage 
The results of the peak parking experiments strongly suggest that the mixed mode 
monolith possessed a gradient ligand bonding density increasing along the column 
length. To determine the actual ligand density the column needed to be destroyed to 
measure the amount of stationary phase bonded to the surface via elemental analysis 
at various locations along the column. The surface coverage results calculated with 
Equation 3.1 for the mixed mode monolith are detailed in Table 3.5. 
Table 3.5: Surface coverage (μmol/m2) results for the mixed mode monolith at 
different locations along the column axis. 
Column 
Section 
Phenyl, Cyano & Endcapping  
Ligands 
1 0.152 
2 0.146 
3 0.154 
4 0.146 
5 0.174 
6 0.148 
7 0.152 
8 0.187 
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The measured carbon load was much lower than expected in comparison to 
previous modifications performed by Soliven et al. [188], with an average surface 
coverage of 0.15 μmol/m2 across different column sections, which would explain the 
improved retention when operating in HILIC mode. Cyano ligands are an important 
contributor to retention in the HILIC mode; it is important to obtain an accurate 
measure of these ligands. To do this the percentage of nitrogen should be measured. 
This would also allow for a more accurate determination of the propyl phenyl ligand 
bonding density. However, as there is only one nitrogen atom per cyano ligand the 
overall ratio of N to C is exceedingly small. The percentage of nitrogen could not be 
determined in these samples due to the combination of small bonding density and the 
proportion of N in these ligands. Specialised trace analysis was required, which was 
deemed to not be cost-effective. One recommendation from this chapter is that a 
standardised test, possibly similar to the Tanaka test [230] could be developed for 
in-situ modified silica that can provide the analyst with a sense of the retention 
strength and thus ligand density, without the need to destroy the column. 
Regardless of the inconclusive elemental analysis results, the results from the 
column efficiency and peak parking tests demonstrated that improved efficiency was 
achieved when the column was operated in the reverse direction. More importantly 
these tests are non-destructive which allows the column to be characterised soon 
after the in-situ modification and also allows the column to be used long term 
without the need to destroy it for testing. 
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4. Conclusions 
This chapter describes the development of a gradient stationary phase on a 
monolithic column and the successful application of a non-destructive peak parking 
analysis to characterise the binding density at different positions along the column. 
To assess the feasibility of a gradient stationary phase, three columns with 
different retention strengths were serially linked. The resulting van Deemter plots 
showed an improved efficiency (19% increase in N/m) when retention was less at the 
column inlet and increased towards the outlet of the column. 
Based on these results, a gradient stationary phase was designed and prepared by 
in-situ modification of a monolithic column. Efficiency tests were performed in both 
the forward and reverse flow directions, with improved efficiency (15% increase in 
N/m) observed in the reverse direction, which correlated to an increase in retention 
towards the outlet of the column. 
To characterise the ligand density at different sections of the column, peak parking 
analysis was completed with thiourea on the mixed mode monolith in both the 
forward and reverse flow directions. The results were compared to a commercial C18 
monolith. The mixed mode monolith demonstrated a greater peak variance at the 
outlet of the column compared to the column inlet, which supported the theory of a 
stationary phase gradient along the length of the column. The peak variance 
remained consistent at the 5 locations tested along the length of the C18 column, 
suggesting a homogenous surface coverage, which is in agreement with the 
manufacturers claim. 
The peak parking analysis was also completed with riboflavin in HILIC mode on 
the mixed mode column. Again, a greater peak variance was seen at the column 
outlet, which agrees with the results from the peak parking analysis performed with 
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thiourea. The difference between the lowest and highest measured peak variance was 
also smaller in the reverse flow direction for each location. This suggests that there 
may be band compression when operated in this direction, which agrees with the 
results seen in the column efficiency tests. 
 
CHAPTER FOUR 
 
79 
CHAPTER FOUR 
A quality by design approach for the 
optimisation of multidimensional high 
performance liquid chromatography 
separations 
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1. Introduction 
Multidimensional high performance liquid chromatography (2D-HPLC) has been 
receiving a great deal of attention over the past decade because of its high resolving 
power, making it an attractive separation technique for complex samples [252-256]. 
This enhanced resolving power is a result of the product of the peak capacities of the 
first and second dimension separations (Equation 4.1) [10]: 
  

  
(4.1) 
where nc,2D is the multidimensional peak capacity – i.e. the number of peaks that can 
be baseline resolved; nc,1 and nc,2 are the peak capacities of the first and second 
dimensions, respectively; fcoverage represents the amount of surface space that is 
utilised by the separation and   is the first dimension broadening factor, which is 
related to the effect of the sampling rate (i.e. how many fractions per peak are 
transferred) on the overall nc,2D.  
In order to maximise the peak capacity of a 2D-HPLC separation, the two 
dimensions must be orthogonal (i.e. separates via different retention mechanisms) 
and the chromatographic peaks need to occupy a large amount of the available 
separation space [121], thus maximising the fcoverage term of Equation 4.1. 
Consequently, designing a 2D-HPLC separation can be problematic due to these 
requirements. To maximise the amount of separation space used, the separation 
conditions in each dimension need to operate via different retention processes [44]. 
Therefore, the most likely coupling that would provide a high degree of 
orthogonality would be reversed and normal phase (RP×NP), but these cannot be 
coupled easily because of immiscibility between the mobile phases [22, 94, 106]. 
However, there are examples in the literature where these different phases have been 
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successfully coupled [89, 96, 257, 258] but they required either complicated 
instrument interfaces [257, 258] or sacrificed analytical sensitivity by using narrow 
bore columns in the first dimension, effectively limiting the fraction volume 
transferred to the second dimension [89, 96]. Coupling RP chromatography with 
hydrophilic interaction chromatography (RP×HILIC) is likely to gain results similar 
to RP×NP [176, 259, 260], but even this suffers from deleterious effects from mobile 
phase strength incompatibilities [260, 261]. Reversed phase × reversed phase 
(RP×RP) separations can be coupled easily without the concern of immiscible 
mobile phases, however the underlying retention mechanisms for RP×RP separations 
are similar and based on either partitioning and/or adsorption of the solutes on the 
stationary phase ligands [110]; thus a comprehensive exploration of separation 
selectivities must be undertaken to ensure the separation space utilisation is 
maximised. 
The design and optimisation of a 2D-HPLC system is often a time-consuming 
approach where trial-and-error separations are completed until the analyst reaches a 
satisfactory result [116, 163]. However, to overcome this problem optimisation of 
HPLC experimental parameters has been assisted using HPLC simulation software. 
Dolan and co-workers [165] compared the elution profile of simulated optimised 
chromatograms generated by in-silico optimisation software against real separations 
and found a very close agreement between the predicted and real data. Importantly, 
on modern computers these simulations and predictions can be completed instantly, 
saving hours of laboratory time and potentially thousands of dollars in solvent 
consumption [167]. 
This chapter describes the use of in-silico optimisation software to design and 
optimise a 2D-HPLC separation using a series of antioxidant standards to represent a 
more complex sample matrix. By using in-silico optimisation software, a number of 
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different separation parameters such as stationary phase selection, mobile phase 
gradient and temperature were optimised simultaneously, greatly reducing the time 
spent on method development for 2D-HPLC separations.  
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2. Experimental 
2.1 Chemicals 
Deionised water (Continental Water Systems, Victoria, Australia) was filtered 
through a 0.45 μm filter (Sigma-Aldrich Pty Ltd, Castle Hill, NSW, Australia) before 
use. The organic modifiers used for this investigation included HPLC grade 
acetonitrile and methanol (Ajax Finechem Pty. Ltd., Taren Point, NSW, Australia). 
Trifluoroacetic acid (TFA, Reagent Plus 99%) was supplied by Sigma-Aldrich 
(Castle Hill, NSW, Australia). Seventeen antioxidants were obtained from 
Sigma-Aldrich Pty. Ltd. that included: butylated hydroxyanisole, caffeic acid, 
(+)-catechin hydrate, 2,6-di-tert-butyl-4-hydroxymethylphenol, 3,5-di-tert-butyl-4-
hydroxytoluene, ethoxyquin, ferulic acid, gallic acid, 4-hydroxycinnamic acid, lauryl 
gallate, nordihydroguaiaretic acid, octyl gallate, propyl gallate, quercetin, rosmarinic 
acid, tert-butylhydroquinone and vanillic acid. 
2.2 Analyte preparation  
All antioxidants were prepared separately as standard stock solutions at 1 mg/mL 
in 100% methanol and 100% acetonitrile, and then diluted 1:2 with deionised water 
(for reversed phase mode) and 100% acetonitrile (HILIC mode). 
The 2D-HPLC separation of a real extract was done with 5 g Ristretto brand 
Nespresso coffee (Nespresso, North Sydney, NSW, Australia) extracted with 30 mL 
hot water by a Delonghi Nespresso Lattissima coffee machine (model number 
EN520W). The extract was filtered with a 0.45 μm syringe filter and made to a 
concentration of 95% aqueous acetonitrile prior to analysis. 
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2.3 Instrumentation 
Chromatographic analysis was performed with an Agilent 1260 Infinity 2D-HPLC 
system (Agilent Technologies, Mulgrave, Victoria, Australia) comprised of a binary 
capillary pump with solvent degasser; a 1290 Infinity binary pump with solvent 
degasser; an auto-sampler; a 1290 Infinity temperature control column compartment 
with an in-built 8 port, 2 position switching valve and two DAD modules that 
monitored absorbance at 254 and 280 nm. The switching valve was configured 
according to Figure 4.1. This allowed for analyses to be conducted on two separate 
columns concurrently with a gradient elution being performed on one column whilst 
the other column was being re-equilibrated, saving an estimated 87 hours in analysis 
time. 
 
Figure 4.1: Dual injection switching valve schematic. 
2.4 Columns 
Ten reversed phase columns were chosen for this work, a Poroshell 120 EC-C18 
(100 mm × 4.6 mm, 2.7 μm, Agilent Technologies, Mulgrave, Victoria, Australia); 
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Poroshell 120 EC-CN (100 mm × 4.6 mm, 2.7 μm, Agilent); Luna NH2 (100 mm × 
4.6 mm, 5 μm, Phenomenex, Lane Cove, NSW Australia); Kinetex 
Pentafluorophenyl (PFP) (100 mm × 4.6 mm, 2.6 μm, Phenomenex, Lane Cove, 
NSW Australia); Onyx Monolithic C18 (100 mm × 4.6 mm, Phenomenex); a butyl 
phenyl cyano particle packed column and a propyl phenyl cyano particle packed 
column (both 100 mm × 4.6 mm, 5 μm; both packed in-house according to the 
packing procedure described in [262]); a cyano modified silica monolith, a propyl 
phenyl modified silica monolith and mixed mode modified silica monolith (all 
100 mm × 4.6 mm, prepared according to the method described in [188, 213]). 
2.5 Methodology 
2.5.1  HPLC simulation protocol 
Retention times and peak areas of individual peaks from experimental runs were 
used as input data for DryLab® Chromatography Optimisation Software 
(Molnár-Institute, Berlin, Germany) for in-silico optimisation. To compare retention 
performance of the different HPLC columns the temperature and linear gradient 
times were optimised so that the last eluted compound had a retention factor of 
approximately 10. A linear gradient was maintained to ease optimisation. 
Following optimisation, all column combinations were compared via the fractional 
surface coverage method described by Gilar and co-workers [176, 263] (now referred 
to as the bins method) using a Mathematica 9.0 notebook (distributed by Hearn 
Scientific, South Yarra, Victoria, Australia) developed in-house. The two columns 
that displayed the greatest orthogonality when paired were deemed optimal for 
2D-HPLC.  
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2.5.2  One-dimensional HPLC method 
The antioxidant standards were individually run on each of the columns using the 
following chromatographic separation conditions: Run 1: 20-min gradient at 30 °C, 
Run 2: 60-min gradient at 30 °C, Run 3: 20-min gradient at 45 °C and Run 4: 60-min 
gradient at 45 °C. This was completed with aqueous solutions of both acetonitrile 
and methanol. 
The mobile phase gradients had an initial composition of 5% organic solvent 
(acetonitrile or methanol) that increased to 100% organic solvent over the allocated 
gradient time, expect for the NH2 column when operated in HILIC mode that had an 
initial mobile phase composition of 2% water in acetonitrile that increased to 30% 
over the allocated gradient time. All experiments were operated at 1 mL/min with an 
injection volume of 5 µL unless otherwise stated. The columns were thermally 
equilibrated for 1 hour prior to analysis and trifluoroacetic acid was added to all 
mobile phases prior to analysis at a concentration of 0.1% (v/v). 
2.5.3  Multidimensional HPLC method 
The 17 antioxidant standards were prepared as a mixture at 1 mg/mL in 100% 
acetonitrile and diluted 1:2 with acetonitrile. This mixture was separated in the 
off-line mode of 2D-HPLC with the NH2 column in the first dimension and the 
pentafluorophenyl (PFP) column in the second dimension. The first dimension was 
operated in HILIC mode whereby the initial mobile phase composition was 2% water 
in ACN that increased to 9% over 20 minutes. Analysis was carried out at 30 °C with 
a 10 µL injection, employing a flow rate of 0.5 mL/min. The second dimension was 
operated at 45 °C with an acetonitrile mobile phase using the gradient conditions 
listed in Table 4.1. Fractions of the first dimension eluent were collected every 50 µL 
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using a Gilson FC204 fraction collector (distributed by John Morris Scientific, 
Balwyn, Victoria, Australia). 100 µL was injected onto the second dimension. 
Table 4.1: Gradient elution profile for the second dimension. Solvent A was 
deionised water with 0.1% (v/v) TFA and solvent B was HPLC grade 
acetonitrile with 0.1% (v/v) TFA. 
Time (min) Solvent A (%) Solvent B (%) Flow Rate (mL/min) 
0 95 5 2.5 
0.3 78.5 21.5 2.5 
0.5 78.5 21.5 2.5 
0.9 67 33 2.5 
1.15 61 39 2.5 
1.6 55 45 2.5 
1.9 55 45 2.5 
2.15 0 100 2.5 
2.25 0 100 2.5 
2.26 95 5 2.5 
3 95 5 2.5 
 
The concentration of the injection solvent relative to the initial mobile phase 
composition must be strictly controlled to ensure proper peak shape [264]. However, 
in 2D-HPLC when a gradient analysis is used in the first dimension the second 
dimension’s injection solvent strength is continually increasing. To control the 
second dimension injection solvent composition a counter gradient was combined 
with the first dimension eluent through a T-piece that was located prior to the 
fraction collector. The counter gradient was adjusted so that when mixed with the 
first dimension eluent a 20% ACN solution was obtained. This was completed by 
changing the concentration of the solution from 0.5 to 2.25% ACN over 20 minutes 
at 2 mL/min. The conditions for the counter gradients were calculated according to 
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reference [261], which was programmed into Mathematica 9. A minimum 
re-equilibration of 3 column volumes was flushed through the column prior to all 
second dimension analyses. 
2.5.4  Analysis of coffee 
The analysis of the coffee extract was completed in off-line 2D-HPLC mode using 
the same columns as for the antioxidant standards above. The first dimension was 
operated in HILIC mode whereby the initial mobile phase composition was 2% water 
in ACN that increased to 4% over 4 minutes, with a final increase to 25% water over 
a further 2 minutes. The coffee extract was diluted to 95% ACN (i.e. 5% water) and 
100 µL was injected into a flow rate of 0.5 mL/min at 30 °C. The second dimension 
was operated in the same conditions as previously stated; except that the initial 
mobile phase composition was still 5% B but the %B was halved at each step of the 
gradient profile outlined in Table 1. 
A counter gradient was again combined with the first dimension eluent through a 
T-piece that was located prior to the fraction collector. The counter gradient was 
adjusted so that when mixed with the first dimension eluent a 20% ACN solution 
was obtained. This was completed by changing the concentration of the solution 
from 0.5 to 1% ACN over 4 minutes and then from 4 to 6.25% over a further 2 
minutes at 2 mL/min. 
Fractions of the first dimension eluent were collected every 50 µL, corresponding 
to 4 fractions per peak using a Gilson FC204 fraction collector; 100 µL was injected 
onto the second dimension. 
  
CHAPTER FOUR 
 
89 
3. Results and discussion 
3.1 Simulations using antioxidant standards 
3.1.1  Input separations 
DryLab® can be employed to model one, two or three variables of a 
chromatographic separation simultaneously [20]. In this chapter, the two variable 
LC-RP gradient/temperature mode was employed to predict the optimised conditions 
for a mixture of antioxidant standards. To optimise the conditions based on these two 
variables, four chromatographic runs were needed to generate input data for 
modelling. According to the user manual for DryLab® 4 [265], the following 
considerations should be taken into account when selecting conditions for the input 
runs: 
• “Gradient input runs require two separations covering the same initial 
and final composition, but with two differing times. Times differing by a 
factor of 3 are convenient. 
• Temperature input runs should be at two temperatures differing by 
20-40 °C. 
• To increase the likelihood that all peaks will elute under gradient 
conditions, always start at 5 %B and ramp up to 100 %B. This also 
allows for a broad design space to be modelled by DryLab®. 
• Two-variable modes require a rectangular grid of input runs. For 
example, the LC-Gradient/Temperature mode requires a four-run set of 
experiments using two different gradient time values run at each of the 
two temperature values.” 
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Figure 4.2: Experimental rectangular grid design for simultaneous optimisation 
of gradient time and temperature. 
  
Following the recommendations made by the DryLab® user manual, and taking 
into consideration other factors such as column length and the maximum operating 
temperatures the following four input runs were selected: Run 1: 20 min gradient at 
30 °C; Run 2: 60 min gradient at 30 °C; Run 3: 20 min gradient at 45 °C and Run 4: 
60 min gradient at 45 °C (Figure 4.2). 
Initially, the 17 antioxidant standards were prepared as a mixture and run with the 
four input separation conditions. However it was apparent that matching peaks 
between the four input chromatograms was quite difficult, as many of the peaks were 
co-eluting and the retention behaviour of the peaks were changing with the different 
variables, making it difficult to accurately assign the peaks to the correct compounds. 
As the computer simulations rely entirely on accurately tracking the peaks across the 
four input chromatograms, and with the difficulties faced with identifying the peaks 
between runs on the same column, let alone between the different columns used in 
this study, an approach was adopted to inject each standard separately under the four 
input conditions. This option was less than ideal, as it required 1292 injections and 
an estimated 168 hours of instrument time to obtain the input data for all the 
columns, but it did provide the best solution to accurately gaining the retention 
information for each antioxidant standard. The 2D-HPLC instrument was configured 
for alternating column regeneration so that the auto-sampler could be shared between 
 
20 min, 30 °C 
60 min, 30 °C 60 min, 45 °C 
20 min, 45 °C 
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the 2 pumps and detectors, thus saving significant re-equilibration time 
(approximately 87 hours), see Figure 4.1. 
Despite the extensive instrument time (168 hours) required to gather the input data, 
this approach to optimising a two-dimensional system is much more time-efficient 
than doing a comprehensive selectivity study across a library of HPLC columns in an 
effort to find the most orthogonal pairing. The resulting in-silico simulations are also 
modelled over a broad design space. This reduces the time spent optimising the 
experimental conditions for the two-dimensional separation, as a number of 
parameters can be changed simultaneously to obtain the best separation. Usually 
optimisation like this is done by systematically changing individual parameters until 
a satisfactory result is achieved, which can be very time-consuming and labour 
intensive.   
The problem with accurate peak identification in co-eluting peaks and between 
different columns could be overcome by using a mass spectrometer as the detection 
system, which identifies different peaks based on their mass-to-charge ratios, 
however this study was focused on using UV, a very common detection system for 
HPLC. For application of this work in the future, mass spectrometry could be 
considered to reduce the overall time required to gather the input data for the 
in-silico simulations.   
3.1.2  Optimisation 
After the retention data for each peak was entered into the simulation software a 
resolution map for each column was generated, see Figure 4.3. With the software, the 
experimental conditions for each column were manipulated so that the last eluted 
peak would have a retention factor, k’, of approximately 10; the temperature was 
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adjusted to provide the largest minimum peak resolution between adjacent peaks. 
The simulation software is able to accurately predict the retention profile of a 
multi-step gradient, however, a linear single-step gradient was maintained for each 
separation to assist the optimisation. The optimised retention data for each column 
combination was a predictor of how the 2D-HPLC separation would perform and the 
orthogonality was measured using the bins method [176]. 
 
Figure 4.3: DryLab® resolution map generated from the separation of 
antioxidant standards on the Poroshell 120 EC-C18 column using the LC-RP 
Gradient/Temperature mode to predict the optimised separation conditions. The 
red area indicates the separation conditions that will yield the highest critical 
resolution (the resolution between the closest eluting pair of compounds) [20].  
3.2 Orthogonality 
As mentioned in the introduction of this chapter, the design of a 2D-HPLC 
separation requires that for the maximum peak capacity a large amount of the 
separation space must be occupied, thus maximising fcoverage of Equation 4.1. A 
robust method to measure the surface coverage of separations that can be used to 
predict the orthogonality with varying numbers of components must be considered 
when calculating fcoverage.  
Gilar and co-workers [263] recently reviewed the current popular methods for 
calculating separation space utilisation. It was concluded that calculating the fraction 
surface coverage through a method defined by Gilar et al. [176] was useful for 
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calculating the fcoverage term of Equation 4.1. This approach first normalises the 
retention data to allow for comparison of different chromatographic data in a uniform 
2D retention space. The separation space is then divided by a given number of bins, 
Pmax, which is equal to the number of peaks in the 2D separation; the number of 
normalised bins containing data points is then totalled giving Σbins. Orthogonality, 
O, is then calculated as a value between 0 and 1 according to Equation 4.2 that can 
be substituted into Equation 4.1 as fcoverage. 
 
     
(4.2) 
The optimised retention times of each 1D-HPLC separation were used to compare 
the different column pairings via the bins method with Wolfram Mathematica 9 and 
algorithms written in-house. The values of orthogonality, according to Equation 4.2 
for each HPLC column combination are listed in Table 4.2. 
 
 
 
 
 
 
 
CHAPTER FOUR 
 
94 
Table 4.2: Orthogonality (%) for each combination of HPLC columns to predict the final 2D-HPLC separation performance.   
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C18 MNL (ACN) 0 40 20 30 20 30 10 30 30 10 30 40 50 50 50 20 30 40 10 
C18 MNL (MeOH)  0 30 20 19 25 19 25 19 6 32 25 32 32 51 25 32 19 25 
MM MNL (ACN)   0 10 20 20 30 20 10 -10 20 30 20 20 20 30 30 30 20 
MM MNL (MeOH)    0 30 20 30 20 10 0 20 20 30 30 40 20 40 30 30 
CN MNL (ACN)     0 13 13 13 19 13 25 25 32 32 57 19 19 13 19 
CN MNL (MeOH)      0 19 6 13 13 13 19 25 25 51 25 19 19 19 
PH MNL (ACN)       0 19 13 13 25 32 25 25 51 19 19 19 19 
PH MNL (MeOH)        0 19 13 19 25 25 25 51 25 19 13 25 
BPC (ACN)         0 0 13 6 6 6 19 19 25 13 19 
BPC (MeOH)          0 13 0 6 6 19 13 13 13 13 
PPC (ACN)           0 13 19 19 44 38 32 25 32 
PPC (MeOH)            0 19 19 38 38 25 32 32 
NH2 (ACN)             0 0 32 25 32 19 32 
NH2 (MeOH)              0 25 25 25 19 32 
NH2 (HILIC)               0 57 44 44 57 
PFP (ACN)                0 19 19 6 
PFP (MeOH)                 0 25 25 
CN (ACN)                  0 13 
C18 (ACN)                   0 
MNL = Monolith, ACN = Acetonitrile, MeOH = Methanol, MM = Mixed mode (Cyano and Phenyl), CN = Cyano, PH = Phenyl, BPC = Butylphenyl cyano, PPC = Propylphenyl 
cyano, NH2 = Amino, PFP = Pentafluorophenyl, HILIC = Hydrophilic interaction liquid chromatography  
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The bins calculations resulted in three column pairings that each had an equal 
maximum orthogonality of 57%; NH2 (HILIC) × CN monolith (acetonitrile), NH2 
(HILIC) × PFP (acetonitrile) and NH2 (HILIC) × C18 (acetonitrile). It is unsurprising 
that the NH2 column operated in HILIC mode gave pairings with the highest degree 
of orthogonality, as the selectivity of HILIC chromatography is highly 
complementary to reversed phase LC [266]. Retention of analytes in HILIC mode are 
complementary to those of reversed phase chromatography, with polar analytes, 
which have little or no retention on reversed phase columns being strongly retained 
in HILIC mode, essentially giving an opposite elution order [266]. 
However, the use of a HILIC × RP-LC pairing providing maximum orthogonality 
is not a forgone conclusion, as there are a number of different columns that can be 
used in HILIC mode. Any column with a polar stationary phase such as bare silica, 
cyano, amino, diol, etc. can be used in HILIC mode, however because the retention 
mechanism in HILIC chromatography is a complex combination of partitioning, 
ion-exchange and hydrogen bonding [19], each type of column can afford a vastly 
different selectivity. This was observed in testing three different columns with HILIC 
mode; the Poroshell CN column, the Luna NH2 column and an Onyx bare silica 
monolith. There was little retention (and only a small amount of separation) of all of 
the antioxidant standards with the cyano column, and no retention on the silica 
monolith with all of the antioxidants eluting in the void volume (data not shown). 
However, on the NH2 column, the retention and separation of the antioxidants was 
significant enough to provide a usable separation.    
After considering the column efficiency and the peak capacity offered by the cyano 
monolith, the PFP column and the C18 column, and also visually comparing the 
orthogonality plots for the three column pairings, the PFP column was deemed to be 
CHAPTER FOUR 
 
96 
the most suitable to use in the second dimension of a 2D-HPLC separation of the 
antioxidant standard mix, with the NH2 column in the first dimension. 
3.3 Experimental verification of DryLab 2D optimised method 
Prior to multidimensional analysis, the operating conditions for each dimension 
were further optimised with DryLab® to provide suitable elution times for a 
2D-HPLC separation. The main criteria for the first dimension (the NH2 column in 
HILIC mode) was that the peak widths needed to be wide enough to allow for 3-4 
fractions to be taken of each peak, this is the optimal sampling frequency per the 
Murphy-Schure-Foley rule [267]. The second dimension (the PFP column) is the 
limiting dimension in 2D-HPLC separations. After optimisation with DryLab®, a 
2D-HPLC separation in off-line mode where the fractions are collected in vials, 
loaded into the auto-sampler and injected sequentially was deemed the most suitable 
approach as it reduces the time limitations on the second dimension. 
A separation of the antioxidant mixture was completed on each dimension using 
the optimised conditions. The experimental retention times were compared with 
those predicted by DryLab®, seen in Table 4.3. A good agreement between the 
predicted and experimental retention times was obtained with an average percentage 
difference of 5.6% for the NH2 column and 1.8% for the PFP column. However, a 
much better agreement was observed on the NH2 column for all peaks prior to an 
elution time of 6 minutes. 
 
 
 
CHAPTER FOUR 
 
97 
Table 4.3: A comparison of predicted and experimental retention times for the 
optimised separations of the antioxidant standards on the NH2 and PFP 
columns. 
Peak I.D. NH2 retention times (min)    PFP retention times (min) 
 DryLab® Exp. DryLab® Exp. 
1 4.17 4.38 1.32 1.35 
2 2.54 2.65 1.66 1.68 
3 2.25 2.29 2.39 2.39 
4 2.21 2.22 2.49 2.46 
5 2.08 2.12 2.62 2.63 
6 4.11 4.38 1.92 1.96 
7 3.24 3.34 2.58 2.58 
8 3.50 3.66 2.45 2.43 
9 1.52 1.51 1.70 1.76 
10 3.19 3.34 1.21 1.23 
11 9.40 10.37 0.70 0.69 
12 5.41 5.89 1.56 1.60 
13 7.33 8.33 0.82 0.85 
14 3.77 3.97 1.13 1.14 
15 3.30 3.44 0.95 0.98 
16 5.50 5.95 0.92 0.95 
17 9.8 11.07 1.27 1.30 
 Average % 
difference 
5.6 1.8 
 
 After the successful separation on the individual dimensions, a multidimensional 
analysis was completed. Severe peak distortion is likely to occur when the injection 
solvent is stronger than the initial mobile phase compositions [268]. This is 
unfortunate as transferring fractions from the first dimension, which might have a 
strong mobile phase composition, into the second dimension that will have a weaker 
concentration is often unavoidable and will distort the peaks causing low resolution, 
peak asymmetry, and even split peaks in the second dimension [264]. To overcome 
this, a counter gradient was introduced to control the second dimension injection 
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solvent composition. This was achieved by combining the eluent stream from the 
first dimension with a counter gradient generated with a second HPLC pump via a 
T-piece located immediately prior to the fraction collector, per Stevenson et al. 
[261].  
The resulting 2D-HPLC separation of the antioxidant standard mixture is displayed 
in Figure 4.4.  
 
Figure 4.4: Two-dimensional HPLC plot of antioxidant mixture with the NH2 
column in the first dimension and PFP in the second. The circles represent the 
predicted retention times as generated by the HPLC simulation software; the 
coloured spots represent the actual retention times. The star (*) is placed at the 
retention co-ordinates of a negative peak (positive when recorded at 254 nm). 
 
The experimental retention times for both the NH2 and PFP columns closely 
matched that predicted by the simulation software (indicated by circles), however, 
the later eluting peaks in the first dimension, NH2 (HILIC), were more strongly 
retained. 
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After optimising the conditions for the multidimensional separation and with the 
addition of the counter gradient the predicted orthogonality for the separation of the 
antioxidant standards with this column pairing was 38%, however, the orthogonality 
of the actual 2D-HPLC separation of the antioxidant mixture was 44%, which can be 
attributed to the retention time of a single peak that was slightly less than predicted, 
but was enough for it to occupy an extra bin. These results demonstrate the accuracy 
that can be achieved when using in-silico optimisation software to design separations 
and it was expected that these parameters would be maintained when the separation 
is scaled up to a complex matrix. 
3.4 Separation of a complex sample 
Method development optimisation for 2D-HPLC separations is usually completed 
following one of two protocols: use of a series of standards to represent a more 
complicated sample matrix [164]; or the use of the sample itself to optimise the 
separation [207]. Both of these strategies are fundamentally difficult. A series of 
standards must be injected individually, which is labour and solvent intensive and, 
often, not enough information is known about the sample to adequately represent it 
with standards. However, when the sample itself is used it is very difficult to find 
enough common peaks, with any degree of certainty, between several different 
chromatograms with common detection technology such as UV. 
With this work, the protocol using a series of standards to represent a more 
complex sample matrix was used, as this removed the degree of uncertainty with 
regard to matching common peaks between chromatograms, an essential requirement 
for the in-silico simulations. 
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An extract of coffee was used to represent a complex sample matrix as the 
antioxidant content of this has previously been reported by Mnatsakanyan and 
co-workers [54, 269]. As such, it was deemed that a series of antioxidant standards 
would be a suitable series of analogues that could be used to optimise this extraction. 
Each of the one-dimensional analysis of the coffee extract is illustrated in Figure 4.5.  
 
 
Figure 4.5: One-dimensional HPLC separations of a coffee extract on the (a) 
NH2 and (b) PHP stationary phases with aqueous acetonitrile.  
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In the NH2 dimension most of the components eluted in a narrow window between 
2 and 4 minutes, however, the total analysis time needed to be extended beyond 12 
minutes to ensure all peaks were accounted for. Conversely, the PFP dimension 
eluted all chemical species evenly during the course of the 3 minute analysis. 
The 2D-HPLC chromatogram of the coffee extract by coupling a NH2 column in 
HILIC mode with a PFP column is displayed in Figure 4.6.  
 
Figure 4.6: Multidimensional separation of a coffee extract in the off-line mode 
with the NH2 column in the first dimension and PFP column in the second. 
White dots represent peak-maxima as detected via peak picking algorithms. 
 
The bi-modal distribution that was observed in Figure 4.5a is again present in the 
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not used in the middle of the first dimension the measured orthogonality (O = 39%) 
was equal to that predicted from the simulated chromatograms. When only 
considering the region between 2 and 4 minutes in the first dimension, i.e. bound by 
the white box in Figure 4.6, then the majority of the separation space was occupied 
(O = 64%).  
While the column combination, which was optimised using the antioxidant 
standards, was successful in scaling up to a complex sample matrix, the bi-modal 
separation in the first dimension highlights the main problem with analysis of 
unknown complex mixtures with 2D-HPLC: the resulting 2D-HPLC of the unknown 
mixture still provided large regions of empty space, even though select regions 
display an impressive orthogonality. 
One way to overcome this issue would be to optimise the two-dimensional 
separation using the sample itself as was performed by Mnatsakanyan et al. [207] for 
the 2D-HPLC separation of a coffee extract. However unless the identity of each 
compound was known and could be identified on each column it would be difficult 
to use the optimisation software to aid in the design of the two-dimensional 
separation. This approach would not necessarily be feasible with many samples due 
to the complex chemical compositions of natural products. If an exhaustive 
optimisation approach were to be performed, as was the case with this study, an 
estimated 243 two-dimensional separations would need to be completed to 
conclusively find the most orthogonal column combination.  
In this case, an optimisation approach of using a series of standards combined with 
in-silico optimisation software was able to provide a solid basis to scale up to a 
two-dimensional separation of a complex sample which provided an adequate 
fractional surface coverage and a reasonable analysis time.  
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4. Conclusions 
In-silico optimisation software was successfully used to design a 2D-HPLC 
separation for a standard antioxidant mixture. This was achieved by first optimising 
one-dimensional separations on a number of columns and then comparing the 
fractional surface coverage of different column combinations via the bins method to 
determine the best column pairing. Conditions for each dimension of the 2D-HPLC 
separation were adjusted for an ideal separation and were then tested experimentally 
to confirm the in-silico predictions. The experimental retention times were in good 
agreement with those predicted, with an average error of 5.6% for the first dimension 
and 1.8% for the second dimension. The orthogonality of the experimental separation 
of the antioxidant mixture was 44% and closely matched the predicted orthogonality 
of 38%. 
The 2D-HPLC separation of the standard mixture was successfully scaled up to a 
complex matrix, with a coffee extract used as the sample. The orthogonality of the 
coffee separation (39%) was almost an exact match for the orthogonality predicted 
by the standard antioxidant mixture (38%), demonstrating that the use of a series of 
standards to describe a complex sample matrix was successful at approximating the 
final outcome.  
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CHAPTER FIVE 
Using a counter gradient to improve peak 
detection and quantification in two-dimensional 
HPLC separations 
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1. Introduction 
The use of two-dimensional high performance liquid chromatography (2D-HPLC) 
continues to grow within the scientific community largely due to its high resolving 
power compared to one-dimensional liquid chromatography. Some examples include 
the analysis of plant extracts [270, 271], metabolites in urine [272, 273], 
identification of proteins [274, 275] and impurities in pharmaceuticals [52, 157]. 
However, the majority of these methods have focused on qualitative analysis, with 
only a few reporting the quantitative analysis of compounds in complex samples [53, 
99, 104, 276]. This may be due to the complexity associated with quantifying peaks 
in the second dimension. Two-dimensional HPLC operates by sampling across a 
single first dimension peak a number of times, resulting in multiple peaks that span 
several sequential second dimension chromatograms. The areas under these peaks 
need to be combined to determine the corresponding area of the one-dimensional 
peak for this analyte in the first dimension. 
An important aspect of quantification in 2D-HPLC is the necessary associated 
tasks of peak detection and allocation of the second dimension peaks to the 
appropriate parent peak from the first dimension. Peters et al. [277] developed an 
automated method that detects peaks in the second dimension chromatograms and 
then applies a series of rules to determine if these are associated with a single parent 
compound, before merging the areas of the matched peaks. This method has been 
applied to the quantitative determination of triacylglycerols in corn oil [278]. Other 
software packages that incorporate both peak detection and quantification for the 
complete analysis of LC × LC data have also been developed [279-281]. This has 
been adopted by researchers to accurately quantify overlapping peaks, by fitting a 
Gaussian [282] or exponentially modified Gaussian model [283] to the second 
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dimension peaks. This simulates the peak profile as if it was baseline resolved and as 
such integration of the area can be achieved. 
 Chemometric methods such as generalised rank annihilation [284], window target 
testing factor analysis [285] and parallel factor analysis [284, 285] have also been 
used for the detection and quantification of peaks in complex 2D-HPLC data sets. 
However these techniques often require highly reproducible retention data [286] and 
to-date have not been widely applied to the analysis of LC × LC data. 
Another important consideration is the effect of sampling a plug of first dimension 
eluent in to the second dimension. As the strength of the injection solvent relative to 
that of the mobile phase is exceedingly important to maintain proper peak shape 
[268, 287-289], which is inevitable in 2D-HPLC. 
This chapter examines peak quantification in hydrophilic interaction 
chromatography (HILIC) × reversed phase (RP) two-dimensional HPLC separations 
by comparing the precision and sensitivity of two quantification methods previously 
used for peak quantification. A novel counter gradient was employed to reduce 
deleterious effects often seen the HILIC × RP separations as a result of mobile phase 
strength incompatibilities. This resulted in an improvement in peak shapes enabling 
enhancement of detection and quantification. 
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2. Experimental 
2.1 Chemicals 
Deionised water (Continental Water Systems, Victoria, Australia) was filtered 
through a 0.45 μm filter (Sigma-Aldrich Pty Ltd, Castle Hill, NSW, Australia) before 
use. HPLC grade acetonitrile was used as the organic modifier for this investigation 
(Ajax Finechem Pty. Ltd., Taren Point, NSW, Australia). Trifluoroacetic acid (TFA, 
Reagent Plus 99%) was supplied by Sigma-Aldrich (Castle Hill, NSW, Australia). 
Eleven antioxidants were obtained from Sigma-Aldrich Pty. Ltd. that included: 
butylated hydroxyanisole, 2,6-di-tert-butyl-4-hydroxymethylphenol, 3,5-di-tert-
butyl-4-hydroxytoluene, ferulic acid, 4-hydroxycinnamic acid, lauryl gallate, 
nordihydroguaiaretic acid, octyl gallate, propyl gallate, tert-butylhydroquinone and 
vanillic acid. All antioxidants were prepared as a standard stock mixture (1 × 10-3 M) 
in 100% acetonitrile and diluted to the appropriate concentrations with 100% 
acetonitrile. 
2.2 Instrumentation 
Chromatographic analysis was performed with an Agilent 1260 Infinity 2D-HPLC 
system (Agilent Technologies, Mulgrave, Victoria, Australia) comprised of a binary 
capillary pump with solvent degasser; a 1290 Infinity binary pump with solvent 
degasser; a quaternary pump with a solvent degasser, an auto-sampler; a 1290 
Infinity thermostated column compartment with an in-built 8 port, 2 position 
switching valve and two DAD modules that monitored absorbance a 280 nm. The 
system was configured according to Figure 5.1 so that: 
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• Multidimensional separations were completed with the modules located in 
Section I for the first dimension and modules in Section II in the second 
dimension, and 
• The counter gradient was introduced by the pump located in Section III. 
 
Figure 5.1: Schematic of the 2D-HPLC system used in this work. Section I 
represents the first dimension and Section II represents the second dimension of 
the 2D-HPLC separations. Section III represents the introduction of a third 
pump to control the counter gradient. Both columns were housed in the column 
thermostat in Section I for all separations [261]. 
2.3 Methodology 
A Luna NH2 column (100 mm × 4.6 mm, 5 μm, Phenomenex, Lane Cove, NSW 
Australia) was used in the first dimension and an Onyx Monolithic C18 column 
(100 mm × 4.6 mm, Phenomenex) in the second dimension for all 2D-HPLC 
separations in this chapter. 
 
CHAPTER FIVE 
 
109 
2.3.1  Off-line 2D-HPLC separations 
The NH2 column in the first dimension was operated in HILIC mode whereby the 
initial mobile phase composition was 2% water in ACN that increased to 9% over 20 
minutes. Analysis was carried out at 30 °C with 50 µL injections, employing a flow 
rate of 0.5 mL/min. The second dimension (C18 monolith) was operated at 45 °C with 
an acetonitrile mobile phase using the gradient conditions listed in Table 5.1. A 
minimum re-equilibration of 3 column volumes was flushed through the column 
prior to all second dimension analyses. Fractions from the first dimension were 
collected every 0.1 min (50 µL), using a Gilson FC204 fraction collector (distributed 
by John Morris Scientific, Balwyn, Victoria, Australia). 25 µL was injected onto the 
second dimension.  
Table 5.1: Gradient elution profile for the second dimension. Solvent A was 
deionised water with 0.1% (v/v) TFA and solvent B was HPLC grade 
acetonitrile with 0.1% (v/v) TFA. 
Time (min) Solvent A (%) Solvent B (%) Flow Rate (mL/min) 
0 80 20 5 
0.45 69 31 5 
0.90 25 75 5 
1.00 0 100 5 
1.30 0 100 5 
1.31 80 20 5 
   
2.3.2  Off-line 2D-HPLC separations with a counter gradient 
As discussed in chapter 4, the concentration of the injection solvent relative to the 
initial mobile phase composition must be strictly controlled to ensure proper peak 
shape [264]. To control the second dimension injection solvent composition a 
counter gradient was combined with the first dimension eluent through a T-piece that 
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was located prior to the fraction collector. The counter gradient was adjusted so that 
when mixed with the first dimension eluent a 20% ACN solution was obtained. This 
was completed by changing the concentration of the solution from 0.5 to 2.25% ACN 
over 20 minutes at 2 mL/min. The conditions for the counter gradients were 
calculated according to Stevenson et al. [261], which was programmed into 
Mathematica 9 (distributed by Hearn Scientific, South Yarra, Victoria, Australia). 
The separation conditions described in section 2.3.1 remain identical for the off-line 
separations completed with a counter gradient expect that the second dimension 
injection volume was 100 µL.   
2.3.3  Online 2D-HPLC separations 
For the online 2D-HPLC separations, the NH2 column in the first dimension was 
operated in HILIC mode whereby the initial mobile phase composition was 2% water 
in ACN that increased to 9% over 400 minutes. Analysis was carried out at 30 °C 
with 50 µL injections, employing a flow rate of 25 µL/min. The second dimension 
was operated in the same conditions described in section 2.3.1.  
The online 2D-HPLC separations were completed in comprehensive mode and as 
such the first and second dimensions were interfaced with a switching valve that was 
located after the first dimension detector and configured according to Figure 5.2. The 
frequency at which the valve was switched was 2 minutes, which correlated to 50 µL 
of first dimension eluent being transferred onto the second dimension. 
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Figure 5.2: Representation of the switching valve configuration for the online 
2D-HPLC separations. 
2.4 Data analysis 
Calculations for the analysis of the 2D chromatographic peaks were completed via 
two methods: (1) the peak areas in the second dimension analyses were calculated by 
the HPLC software (Agilent ChemStation, Agilent Technologies) and the areas of 
matching peaks were combined, and (2) algorithms written in-house with Wolfram 
Mathematica 9 (distributed by Hearn Scientific, South Yarra, Victoria, Australia) and 
previously described in references [283, 290] were used for peak recognition and the 
calculation and summation of peak areas in the second dimension. 
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3. Results and discussion 
The design and optimisation of the 2D-HPLC separation of antioxidants using 
in-silico optimisation software was described in chapter 4. These optimised 
separation conditions were used in this chapter to investigate peak quantification.  
The column combination NH2 (HILIC) × PFP (acetonitrile) was chosen to complete 
the work in chapter 4. However, as both off-line and online 2D-HPLC were to be 
completed for the work described in this chapter, the second dimension needed to be 
as fast as possible in the online separation to prevent the wrap-around effect. The C18 
monolith was chosen to replace the PFP column in the second dimension, as this 
could provide the required speed but at a reduced back pressure. The NH2 (HILIC) × 
C18 monolith (acetonitrile) also had the same orthogonality as the NH2 (HILIC) × 
PFP (acetonitrile) combination, so there was no sacrifice in fractional surface 
coverage by making this substitution. A fast separation on the C18 monolith was 
developed with the optimisation software and experimentally tested in single 
dimension mode. The experimental separation matched closely with the predicted 
separation, with an average percentage difference of 4% between the predicted and 
experimental retention times. 
3.1 Off-line separations vs. online separations 
As 2D-HPLC works on the basis of sampling a first dimension peak multiple times 
and injecting onto the second dimension, the fractions from the first dimension are 
often highly dilute. This can result in very small peaks in the second dimension, 
making it potentially difficult to quantify them. Sample dilution can be further 
affected by the mode of 2D-HPLC that is used. For online 2D-HPLC the fraction is 
collected, usually in a sample loop of a switching valve interface between the two 
dimensions, and is then transferred onto the second dimension in its entirety. This 
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setup can cause band broadening due to the extra column effects of the sample loop 
tubing, resulting in a loss of sensitivity in the second dimension [22]. In the off-line 
mode of 2D-HPLC fractions are collected in vials, loaded into an auto-sampler and 
injected sequentially onto the second dimension. Because this system requires the 
fractions to be introduced onto the second dimension via an auto-sampler, only a 
portion of each fraction can be injected, which further reduces the amount of sample 
being transferred between separations leading to smaller peaks.  
To compare the dilution and detection in the second dimension, separation of a test 
mixture of antioxidants was performed in both off-line mode (Figure 5.3) and online 
mode (Figure 5.4). 
 
Figure 5.3: Two-dimensional contour plot of the antioxidant separation in 
off-line mode. 
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Figure 5.4: Two-dimensional contour plot of the antioxidant separation in 
online mode. 
 
The peaks in the orange boxes have a much stronger intensity, indicated by larger 
red areas in the peaks, in the online separation compared to the off-line separation. 
This is likely due to the reduction of injection material that takes place in the off-line 
mode where only a portion of the fraction is injected onto the second dimension. 
There is also some improvement in the intensity of the peaks toward the bottom of 
the white box in the online separation (the yellow spot in the middle of the peaks 
indicate a stronger response). This demonstrates that online 2D-HPLC may provide 
greater sensitivity in the second dimension, as the whole fraction is transfer as 
opposed to only a partial amount in off-line mode. 
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 A possible way to overcome the lack of sensitivity in the off-line separation is to 
concentrate the fractions from the first dimension via a method such as partial 
vaporisation [258] or reverse osmosis [22] before injection onto the second 
dimension, however care needs to be taken to not introduce contamination or loss of 
sample components. The maximum possible injection volume could also be used in 
order to inject as much of the fraction onto the second dimension as possible, 
however this is limited by the total fraction volume collected from the first 
dimension and also the maximum injection volume of the auto-injector. 
It can be observed in both Figure 5.3 and 5.4 that the peaks in the second 
dimension are very broad, especially those inside the white boxes, which appear to 
be smeared along the C18 plane of the contour plots. This is due to the solvent 
strength mismatch between the first and second dimensions [287]. Broad peaks in the 
second dimension will have a negative impact on their quantification, as they may 
cause a loss of resolution, making it difficult to accurately distinguish them. The 
shape of the peaks will also affect the sensitivity of the separation, resulting in 
inferior limits of detection. Poor peak shape will also be problematic when 
attempting to fit standard HPLC peak models to the data, such as the Gaussian 
distribution. To improve the peak shape, and therefore the quantification of peaks in 
HILIC × RP separations the solvent strength mismatch between the two dimensions 
must be negated. 
3.2 Introduction of a counter gradient 
As discussed in the previous chapter, HILIC × RP separations generally provide 
similar levels of orthogonality as NP × RP systems, however unlike these systems 
they have the benefit of miscible mobile phases between the two separation 
dimensions [260]. Despite the miscibility of the mobile phases, HILIC × RP 
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separations still suffer from deleterious effects as a result of mobile phase strength 
incompatibilities. Recent work [261] has demonstrated the effect that the strength of 
the injection solvent relative to the initial mobile phase composition can have on the 
peak shape (Figure 5.5). 
 
 
Figure 5.5: Illustration of how the injection solvent composition will eventually 
destroy the peak shape when 20 μL of caffeine made up in compositions of 5, 
10, 15, 20, 40, 60, 80 and 100% ACN in water was injected into a initial mobile 
phase composition of 5% ACN in water. 
 
Caffeine was prepared in compositions of 5, 10, 15, 20, 40, 60, 80 and 100% ACN 
in water, and 20 μL injection plugs were added to the eluent stream where the initial 
mobile phase composition was 5% ACN. The shape of the caffeine peak was 
acceptable up to an injection solvent strength 15% greater than the initial mobile 
phase composition. After this, the peak shape deteriorated rapidly to a point where it 
no longer represented a Gaussian distribution. This highlights a serious problem 
when it comes to HILIC × RP separations. A mismatch between the solvent strength 
of the first dimension and the solvent strength of the second dimension is inevitable 
for this two-dimensional system, as the mobile phase in the HILIC dimension will 
always be stronger than that of the reversed phase second dimension. This leads to a 
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strong solvent plug being injected into a weak solvent mobile phase stream causing 
the solute to slowly transfer from the mobile phase to the stationary phase resulting 
in broad peaks as seen in the white boxes in Figures 5.3 and 5.4. This is problematic 
when trying to quantify second dimension peaks, as the broader peaks will result in 
poorer detection limits, which is not ideal, especially in complex natural products 
where compounds may only be present in trace amounts. 
To overcome this serious issue, a counter gradient was developed to alter the 
solvent composition of the first dimension eluent to a level that was close to the 
initial composition of the second dimension. This should eliminate the negative 
effects causing poor peak shapes, resulting in a more efficient separation with peaks 
conforming to a Gaussian profile. Figure 5.6 displays a 2D-HPLC contour plot of the 
off-line separation when a counter gradient was introduced. 
 
Figure 5.6: Two-dimensional contour plot of the antioxidant separation in 
off-line mode with the introduction of a counter gradient. 
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The area outlined in the white box highlights the benefits of the counter gradient 
when compared to the same area of the separation completed in off-line mode 
without this protocol (Figure 5.3). For the separation that was completed without the 
counter gradient, the peaks in this area of the second dimension are quite broad. 
Conversely, with the addition of the counter gradient these peaks are much narrower 
and taller (indicated by the red maxima of the peaks in the contour plot) making it 
easier to distinguish them. This is clearly illustrated when comparing fraction 17 
from the separation with and without the counter gradient (Figure 5.7a and b, 
respectively). Without the counter gradient, the peaks that elute early in the second 
dimension do not resemble a Gaussian profile and are severely co-eluting making it 
difficult to differentiate them. When the counter gradient is introduced, these two 
peaks have a Gaussian profile and are baseline resolved. This improvement in the 
peak shape not only makes it easier to distinguish the peaks from one another, but the 
sharper peaks will lead to improved detection limits. 
It is interesting to note that the peak eluting later in the separation (~ 1.35 min) 
displays a reasonable Gaussian profile in the separation with or without the counter 
gradient, which is consistent with previous reports [261, 288, 291]. 
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Figure 5.7: Chromatograms of fraction 17 in (a) the off-line separation without 
the counter gradient and (b) the off-line separation with the introduction of the 
counter gradient. 
  
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0
20
40
60
80
Retention time min
R
es
po
ns
e
m
A
u
a) 
0.0 0.2 0.4 0.6 0.8 1.0 1.2 1.4
0
10
20
30
40
50
Retention time min
R
es
po
ns
e
m
A
u
b) 
CHAPTER FIVE 
 
120 
The use of a counter gradient clearly shows a significant improvement in peak 
shape and will be very beneficial for quantifying HILIC × RP separations. However 
at this stage, the use of a counter gradient was only achievable in the off-line 
2D-HPLC mode as there are restraints on the hardware that is necessary to complete 
it in an online mode setup. As the counter gradient adds a considerable volume to the 
fraction size, for an online setup to be successful, sufficiently large sample loops are 
needed (for this particular 2D-HPLC separation, sample loops that were at least 
300 μL were required). This proved to be problematic for a number of reasons. As 
the volume of the required sample loop was much larger than those typically used for 
online 2D-HPLC separations, loops of this size were not commercially available and 
needed to be made in-house.  
Initially, PEEK tubing that had a small internal diameter (i.d.) was considered but 
this would require an excessive length (over 2 metres) of tubing to obtain the desired 
volume. As the two dimensions of the separation were heated to 30 and 45 °C, the 
loops needed to be maintained at the same temperatures to avoid loss of resolution in 
the separations and therefore were required to fit into the column thermostat module; 
so this option was not feasible. To reduce the length of tubing needed, PEEK that had 
a much larger i.d. was considered. Consequently, this type of tubing has a much 
lower pressure threshold than tubing with a smaller i.d. and would not be able to 
withstand the back pressure of the second dimension. To overcome the pressure 
concerns stainless steel tubing was considered, however the length of tubing needed 
was once again a problem. Completing the separation with the counter gradient in 
online mode had to be abandoned, as a suitable solution to finding adequately sized 
sample loops could not be found. All further 2D-HPLC separations were completed 
in off-line mode with the counter gradient. 
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3.3 Evaluation of quantification methods 
A number of researchers have proposed different methods for quantifying peaks in 
2D-HPLC separations including methods as simple as summing the peak areas 
ranging to complex chemometric methods. For this study 2 different methods were 
considered for peak quantification: 
1. Peak areas were determined by the HPLC software (ChemStation), 
manually matched between fractions and summed by the analyst (this will 
be referred to as the summing method for the rest of this thesis). 
2. Peaks were detected, deconvoluted, fit with a Gaussian profile to 
determine the peak area and matched between fractions (see Figure 5.8) 
with an algorithm described by Stevenson and Guiochon in [283] (this 
will be referred to as the Gaussian method for the rest of this thesis). 
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Figure 5.8: Two-dimensional contour plot of the antioxidant separation in 
off-line mode with a counter gradient and analysis by the Gaussian method 
algorithm described in [283]. The white dots represent the peak maxima and the 
red dots represent fractions in which peaks are detected. The peaks in these 
fractions are matched (red lines) and the peak areas are summed. 
 
3.3.1  Analytical figures of merit 
To evaluate the precision of the off-line 2D-HPLC separation with the counter 
gradient, this was completed in duplicate with a 1 × 10-4 M antioxidant mixture. The 
cumulative peak areas were calculated by both the summing and Gaussian methods; 
the relative standard deviations (%RSD) for both methods are reported in Table 5.2. 
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Table 5.2: Relative standard deviation (RSD) for cumulative peak areas of 
duplicate separations calculated by both the summing and Gaussian methods. 
 RSD (%)* 
Analyte Summing Gaussian 
3,5-di-tert-butyl-4-hydroxytoluene 31.50 40.14 
2,6-di-tert-butyl-4-hydroxymethylphenol 0.24 0.08 
butylated hydroxyanisole 2.96 1.60 
tert-butylhydroquinone 1.18 0.33 
ferulic acid 1.34 4.65 
lauryl gallate 2.35 2.75 
vanillic acid 1.04 0.30 
octyl gallate 0.73 0.60 
4-hydroxycinnamic acid 0.17 0.35 
propyl gallate 0.20 0.18 
nordihydroguaiaretic acid 0.17 1.35 
Average %RSD† 1.03 1.2 
* n = 2, † 3,5-di-tert-butyl-4-hydroxytoluene %RSD was excluded from the average 
Relative standard deviations (%RSD) below 4.65% were calculated for all analytes 
with both methods, except for 3,5-di-tert-butyl-4-hydroxytoluene, which had a 
%RSD of 31.50 and 40.14% for the summing method and the Gaussian method, 
respectively. The peak for this antioxidant was quite small compared to the other 
antioxidants in the mixture making it difficult to accurately determine its peak area 
with both methods and may explain why the %RSD is much larger than the other 
analytes. 
From these results, neither the summing nor the Gaussian method displayed 
obvious superior precision when calculating the cumulative peak areas of the 
antioxidants in the test mixture. Therefore each method was further evaluated using a 
calibration series of nine standard solutions between 1 × 10-5 and 1 × 10-3 M. 
Analytical figures of merit for both methods are displayed in Table 5.3. 
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Table 5.3 Analytical figures of merit for the summing method and for the Gaussian method. 
 Summing method Gaussian method 
Analyte 2nd Dimension Retention 2nd Dimension Peak Area  2nd Dimension Retention 2nd Dimension Peak Area  
 Time (min) RSD (%)a R2 RSD (%)b LOD (M)c Time (min) RSD (%)a R2 RSD (%)b LOD (M)c 
3,5-di-tert-butyl-4-
hydroxytoluene 
1.38 0.23 0.9926 29.24 1.0 × 10-5 1.37 0.23 0.9908† 40.13* 2.5 × 10-4 
2,6-di-tert-butyl-4-
hydroxymethylphenol 
1.20 0.04 0.9999 2.89 1.5 × 10-6 1.19 0.07 0.9999 5.87 7.1 × 10-6 
butylated hydroxyanisole 1.15 0.07 0.9998 2.01 8.3 × 10-7 1.15 0.08 0.9999 2.82 9.0 × 10-6 
tert-butylhydroquinone 0.94 0.12 0.9998 3.73 3.0 × 10-6 0.94 0.10 0.9998 3.69 1.0 × 10-5 
ferulic acid 0.54 0.58 0.9997 2.51 1.2 × 10-6 0.54 0.66 0.9996 3.98 9.6 × 10-6 
lauryl gallate 1.35 0.04 0.9993 2.63 9.6 × 10-7 1.35 0.06 0.9984 5.61 9.9 × 10-6 
vanillic acid 0.43 0.89 0.9999 1.72 2.0 × 10-7 0.43 1.16 0.9996 1.63 7.2 × 10-6 
octyl gallate 1.19 0.04 0.9999 1.55 1.3 × 10-6 1.19 0.05 0.9997 3.07 4.2 × 10-6 
4-hydroxycinnamic acid 0.50 0.37 0.9999 1.70 5.0 × 10-7 0.50 0.70 0.9998 2.41 6.0 × 10-6 
propyl gallate 0.69 0.21 0.9998 0.74 1.2 × 10-7 0.69 0.65 0.9998 0.58 1.4 × 10-6 
nordihydroguaiaretic acid 1.05 0.04 0.9999 1.31 3.0 × 10-7 1.05 0.04 0.9991 2.06 1.1 × 10-6 
a n = 10 fractions from the 2nd dimension analyses 
b n = 5; 1 × 10-4 M 
c calculated as 3 × the standard deviation of the blank response  
†calculated between 2.5 × 10-4 and 1 × 10-3 M 
* n = 2 
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Each antioxidant displayed a highly linear relationship between the concentration 
and the cumulative peak areas, with correlation coefficients close to the value of one 
for both methods. Excellent precision for retention time across fractions in the 
second dimension was seen for both methods with %RSD values between 0.04% and 
1.16%. This is important due to the nature of multidimensional separations, where a 
single peak from the first dimension is split across 3-4 fractions in the second 
dimension, so precise retention times are needed in the second dimension in order to 
match peaks across several fractions. 
 The precision of repeated injections (n = 5, 1 × 10-4 M) was excellent for the 
summing method with all %RSD values below 3.73% expect for 3,5-di-tert-butyl-4-
hydroxytoluene. For the Gaussian method the %RSD values were slightly higher but 
still acceptable with all %RSD values below 5.87%, again except for 3,5-di-tert-
butyl-4-hydroxytoluene. Initially the high %RSD value for this antioxidant was 
thought to be due to the small peak heights it exhibited at 1 × 10-4 M, making it 
difficult to accurately measure the peak area. However, even at higher 
concentrations, where the peak height was much larger and therefore easier to 
distinguish the peak boundaries, the %RSD value for replicate injections still 
remained poor. Additionally, the calculated cumulative peak area for this analyte was 
always lower in the duplicate separation regardless of the concentration tested, 
suggesting that the stability of this analyte may be poor and it is likely degrading 
between runs. 
The limits of detection (LOD), calculated as 3 times the standard deviation of the 
blank response, is what sets these two methods apart. The summing method gave 
superior limits of detection (close to an order of magnitude lower for some analytes) 
when compared to the Gaussian method. This is likely due to the way the data was 
analysed in both methods.  
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The summing method allows the analyst to visually analyse the second dimension 
chromatograms and determine the validity of peaks. The ChemStation software can 
auto-integrate chromatograms based on detection thresholds set by the analyst, 
however if the response of a peak falls below the set threshold, the analyst can 
manually integrate the individual peak to find the area. The Gaussian method 
operates on a similar principle, with the analyst able to set detection thresholds for 
peaks, however these apply to the entire chromatogram. If the threshold is set at a 
low level in order to detect small peaks, this may lead to information such as 
resolution of closely eluting peaks being lost from larger peaks. Also, if the threshold 
limits are set too low, the probability of false positives generated from noise will 
increase, as the signal to noise ratio is much higher for the smaller peaks.  
3.3.2  Comparison of quantification methods 
The summing method is tedious and time-consuming as it requires the analyst to 
manually identify, integrate and sum all the sub-peaks in the second dimension that 
belong to a single peak in the first dimension. However, the major advantage of this 
method is that the analyst can visually examine the peak and make a judgement as to 
whether it is a) actually a peak and b) if the peak in the second dimension belongs to 
the parent peak from the first dimension. This is demonstrated by the superior limits 
of detection with this method compared to the Gaussian method, as very small peaks 
were manually integrated for the standards at lower concentrations. The option to 
manually integrate peaks is especially valuable as some investigators have found that 
manual integration provides much more reliable quantification than automated 
procedures [292, 293]. While this method was not overly time-consuming for a series 
of 11 standards that were adequately resolved in the second dimension, for a 
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complex sample where there are many more peaks, and undoubtedly less resolution 
this method would prove difficult. 
The Gaussian method on the other hand is very time-efficient, as the algorithm is 
designed to analyse all the fractions from the second dimension as a batch. It 
simultaneously identifies, integrates and aggregates the corresponding peaks in the 
second dimension. It has the ability to deconvolute most shouldering peaks and fit a 
Gaussian profile to them, providing a good estimate of the area even if the peak is 
not baseline resolved. While this method is much quicker and less labour intensive 
than the summing method, one major drawback is its inability to identify and 
measure a peak that’s response is not significant enough to exceed the analysis 
thresholds.  
This is problematic due to the design of a multidimensional separation. As a series 
of fractions are taken across the width of a peak in the first dimension not all will 
have an equal amount of analyte present in them. For example, if a fraction is taken 
at the peak fringes (the front or the tail of the peak), this will contain a significantly 
lower amount of the analyte than one taken from the centre of the peak. If the 
response of the peak in this fraction is not significant enough to exceed the analysis 
thresholds its area will be excluded from the total cumulative peak area, resulting in 
an underestimation of the area of the parent peak in the first dimension.  
This is also an issue for analytes that may be present in a sample at low 
concentrations. If the peak responses for these are below the threshold they will not 
be detected. This was the case with 3,5-di-tert-butyl-4-hydroxytoluene when 
repeated injections were completed to evaluate precision. As the peak response for 
this analyte was quite low, it was only detected and measured in the first two 
injections and could not be measured in the latter three injections, most likely due to 
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the observed degradation of peak area seen in the previous analyses of this analyte. 
The inability for this method to quantify peaks from analytes with small 
concentration will also result in higher limits of detection as seen in Table 5.3.  
While this method is attractive for its speed and simplicity, its lack of sensitivity 
for very small peaks may tempt the analyst to lower the analysis thresholds to 
capture as many peaks as possible. However, the thresholds should be carefully 
selected as the algorithm may report noise generated false positives if they are set too 
low. The analyst can examine an individual fraction and set the threshold at a level 
that will capture the smallest peaks in that fraction and continue this approach for 
each subsequent fraction, however as two-dimensional separation can have dozens of 
fractions doing this can be time-consuming and negates the efficiency of this method. 
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4. Conclusions 
This chapter demonstrated the successful implementation of a counter gradient to 
reduce the deleterious effects of solvent strength mismatch in HILIC × RP 
two-dimensional separations. The introduction of the counter gradient altered the 
solvent strength of fractions collected from the eluent the HILIC first dimension to a 
similar composition as the initial mobile phase conditions of the reversed phase 
second dimension. This successfully eliminated the strong mismatch between the 
different solvents in the two dimensions and led to a much improved peak shape in 
the reversed phase second dimension. The improvement in peak shape allowed for 
better detection and hence quantification. 
Two different methods previously used for quantification purposes in 2D-HPLC 
were evaluated for precision and sensitivity. Both methods demonstrated excellent 
precision in regards to retention time in the second dimension (%RSD below 1.16%) 
and cumulative second dimension peak area (%RSD below 3.73 for the summing 
method and 5.87% for the Gaussian method). The summing method displayed 
superior limits of detection, almost an order of magnitude lower than the Gaussian 
method for some analytes.  
Both methods proved precise and easy to use when detecting and quantifying 
peaks in the second dimension. While the summing method gave superior limits of 
detection, it would be quite time-consuming and tedious to use for a two-dimensional 
separation of a complex sample that may have hundreds of peaks spread over dozens 
of fractions as it requires the peaks to be manually integrated, matched and summed. 
The Gaussian method was less sensitive than the summing method due to 
requirements for setting the detection threshold. This needs to be low enough to pick 
up small peaks but not too low to return noise generated false peaks and it is because 
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of this necessity that smaller peaks at lower concentrations may not be detected. The 
main advantage of this method is that it is time-efficient and less labour intensive on 
the analyst as peak detection, integration, matching and summing is done 
simultaneously as a batch using a computer algorithm. 
Either method would be suitable to use for quantifying peaks in two-dimensional 
separations, however an ideal approach may require a compromise between the data 
analysis time and detection sensitivity. Elements of the work presented in this 
chapter have been included in a recent publication [261]. 
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